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ABSTRACT

Electrochemical Carbon Nanoprobes for Biological and Chemical System Studies

by
Keke Hu
Advisor: Dr. Michael V. Mirkin
The progress in the field of nanoelectrochemistry requires preparation and characterization of
nanometer scale electrochemical probes. The focus of my Ph.D. research was on development of
carbon nanopipette-based electrodes with versatile and controllable geometry and their
applications to nanoscale studies of chemical and biological systems. Carbon nanopipette (CNP)
electrodes offer important advantages, including high sensitivity and improved analytical
selectivity. They can serve as nanoreactors for sampling ultra-small solution volumes and studies
of individual nanoparticles. CNPs were prepared by chemical vapor deposition (CVD) of carbon
into the pre-pulled quartz capillaries. By changing pulling parameters and CVD conditions, we
fabricated several types of carbon nanoprobes suitable for different experiments described in this
thesis. After discussing the fabrication and characterization of carbon nanoprobes in Chapter 1,
Open CNPs with the simplest geometry will be presented first (Chapter 2). Open CNPs can be
used as multi-functional probes based on simultaneous recording of the ion current through the
pipette and electronic current produced by oxidation/reduction of molecules at the carbon nanoring.
They were employed as resistive-pulse sensors to detect gold nanoparticles (NPs) and NPs
modified with antibodies and antigens. Open CNPs can also work as nanosensors for biological
iv

analytes. Both open CNPs and cavity carbon nanopipettes were applied in electroanalysis of
dopamine and other neurotransmitters (Chapter 3). By depositing Pt into the nanocavity, we
produced nanoelectrodes with a high surface area and increased catalytic activity for measurement
of reactive oxygen and nitrogen species (ROS and RNS) in biological cells (Chapters 4, 5 and 6).
These electrodes were employed as scanning electrochemical microscopy (SECM) tips for
spatially resolved electrochemical experiments inside single
biological cells and subcellular compartments. Disk-type nanoprobes were produced by
filling the CNP cavity with carbon and served as a substrate for attaching single Au NPs and
studying their electrocatalytic properties (Chapter 7). After polishing or focused ion beam (FIB)
milling to obtain well-defined geometry, carbon disk electrodes became useful for quantitative
SECM studies of surface reactions and electrochemical imaging.
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Chapter 1. Fundamentals of carbon nanoprobes
Nanoelectrodes typically refer to voltammetric electrodes with at least one dimension below 100
nm. Compared to its macro counterpart, nanoelectrode has the advantages of small RC time
constant, fast mass transport and small iR drop. The past three decades have seen tremendous
growth and increased application of nanoelectrodes in fundamental electrochemistry,
electrochemical analysis, electrocatalysis, neurophysiology and many other research areas. Carbon
probes have proven to be an excellent electrode because of its high stability, relatively large
potential window and ease for modification. During my Ph.D. research, carbon nanoprobes was
the main analyzing tool. The fabrication and characterization of CVD prepared carbon nanoprobes,
application of small electrodes in single-cell analysis and single nanoparticle (NP)
electrochemistry will be discussed here.
1.1 Fabrication of carbon nanoprobes by CVD

Collaborating with Gogotsi’s group, we described a non-catalytic CVD based method for batch
fabrication of integrated carbon nanopipettes (CNPs) with small tip diameters (10–200 nm) (Fig.
1.１).1,2 In this method, quartz capillaries were heated and pulled into two symmetrical parts using
a laser puller. Then mixture gas of methane and argon at a certain ratio was injected. At 880-950
°C, methane would be decomposed to carbon, which would be deposited inside quartz nanopipette.
By changing pulling programs and CVD conditons, small and different types of CNPs were
fabricated, these include completely filled carbon nanoelectrode, open carbon nanopipette and
cavity carbon nanopipette, each of them has different electrochemical properties based on different
geometry.
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Figure 1.1. Schematic of CVD preparation of carbon nanoprobes
1.2 Chacterization of carbon nanoprobes with CV and TEM
Nanoelectrodes are typically characterized with electron microscopy, including scanning electron
microscopy (SEM) and transmission electronmicroscopy (TEM), as well as electrochemical
methods such as cyclic voltammetry (CV) and SECM. CV can provide a quick estimate of the
size of a nanoelectrode on the basis of assumptions about its geometry. However, such results
require microscopic veriﬁcation. For CVD prepared carbon nanoprobes, we prefer TEM imaging
rather than SEM imaging. From TEM images, the deposition of carbon inside quartz capillary
could be seen through. SECM is another electrochemical method characterizing nanoelectrodes,
which will be discussed in 1.3. Different type of CVD prepared carbon nanoprobes has different
geometry and electrochemical properties. The characterization of each of them with CV and TEM
will be described below.
1.2.1 Open carbon nanopipette
For open CNP, carbon was only deposited on the inner wall of quartz nanopipette with several nm
thickness and there is an open channel in the middle (Figs 1.2 A and B). As can be seen from
Fig.1.2C, peak current kept increasing cycle by cycle while immersing an open CNP in solution.
Pressure can be applied to control the volume of solution inside the pipette. Open CNP could also
work as multi-functional probe based on simultaneous recording of the ion current through the
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pipette and the current produced by oxidation/reduction of molecules at the carbon nanoring. The
application of open CNP will be discussed in Chapters 2 and 3.

Figure 1.2. Open carbon nanopipette. Schematic (A), TEM image (a=50nm) (B) and
Voltammogram (C) of open carbon nanopipette in 1mM FcMeOH (100mM KCl), v= 50mV/s.
1.2.2 Cavity carbon nanopipette (Carbon nanosampler)
From Figs 1.3A and 1.3B, we can see that there is a small cavity at the end of carbon nanopipette,
which we call cavity carbon nanopipette or carbon “nanosampler”.4 Curve 1 in Fig. 1.3C shows
an essentially symmetrical pair of peak, such a response can be attributed to complete oxidation of
FcMeOH molecules inside the carbon-coated pipette shaft during the anodic potential scan and
subsequent reduction of ferrocenium species during the reverse cathodic scan. The CV shape
depends greatly on the potential sweep rate. Curve 2 in Figure 1.3C obtained at low v = 10 mV/s
is completely sigmoidal and can hardly be distinguished from a steady-state voltammogram
obtained at a ﬂat disk nanoelectrode. In contrast, a faster scan CV (curve 1 in Figure 1.3C; v = 200
mV/s) is peak-shaped. The peak current measured with carbon-coated nanopipettes is directly
proportional to v, while the steady-state current due to the quasi-spherical diﬀusion to the carbon
nanoring in the external solution is essentially independent of v. From the steady-state current, the
size of the radius could be estimated. The number of redox molecules sampled inside a CNP can
be found by integrating oxidation or reduction current of peak-shaped CV. Therefore, cavity
carbon nanopipette could work as sensors for analytes such as dopamine, which will be discussed
3

in Chapter 3. Pt black can also be deposited into the nano-cavity for species that require
electrocatalysis, the related applications will be discussed in Chapters 3, 4 and 5.
A

Figure 1.3. Cavity carbon nanopipette (nanosampler). Schematic (A), TEM image
(a=5nm) (B) and Voltammogram (C) of cavity carbon nanopipette in 1mM FcMeOH
(100mM KCl). v= 200mV/s (curve1), v=10mV/s (curve2).
1.2.3 Completely filled carbon nanoelectrode
Completely filled carbon nanoelctrodes could work as normal disk shaped electrodes, as can be
seen from Figs 1.4A and 1.4B, carbon was deposited up to the very end of the tip. From the
diﬀusion limiting steady-state current of obtained voltammogram (Fig. 1.4C), the eﬀective radius
can be evaluated using Eq. 1.1 for an inlaid disk,
id = 4nFDac* (1.1)
where n = 1 is the number of transferred electrons, F is the Faraday constant, c* = 1 mM and D =
7.6 × 10−6 cm2/s3 are the bulk concentration and the diﬀusion coeﬃcient of FcMeOH, respectively.
However, when taking them out from the CVD oven, the surface of completely filled carbon
nanoelectrode is not flat. By mechanical polishing or milling by focused ion beam (FIB), we can
obtain flat surface and well-defined disk shape. The application of completely filled carbon
nanoelectrodes will be discussed in Chapter 7.

A
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Figure 1.4 Completely filled carbon annoelectrode. Schematic (A), TEM image
(a=25nm) (B) and Voltammogram (C) of carbon nanoelectrode in 1mM FcMeOH
(100mM KCl), v= 50mV/s.
1.3 Focused ion beam (FIB) milled carbon nanoelectrodes and SECM characterization
The tip of CVD carbon is not sufficiently flat because of the nanoscale roughness of both
amorphous carbon and quartz tips and the nanoscale protrusion or recession of carbon from the
quartz sheath.5 By mechanical polishing, we cannot obtain very small size. Therefore, we milled
the tips of CVD-carbon-filled quartz nanoelectrodes by focused ion-beam (FIB) technology in
order to yield small size nanoelectrodes with flat surface and well-defined disk shape.
Advantageously, the thin quartz sheath allows for high-resolution transmission electron
microscopy (TEM) imaging (Fig. 1.5) of the flat and sharp carbon nanotips.

Figure 1.5. TEM images of carbon nanotips (A) before and (B) after FIB milling. Scale bar, 100
nm.
Characterization with scanning electrochemical microscopy (SECM) approaching an
insulating substrate
Although the apparent size of a nanoelectrode can be estimated from steady-state CV, little or no
information can be obtained about the shape of the electrode. Bard’s group was the ﬁrst to use
SECM to characterize nanoelectrode tips. 6 In this method, a nanoelectrode is lowered towards an
5

insulating or conductive substrate in a solution containing an electroactive species, then an
approach curve will be generated. The tip is applied a potential to induce the desired
electrochemical reaction, and the current is monitored as a function of the distance from the
substrate as the electrode gradually approaches it. When the tip is far from the substrate, the
measured current is the same as diffusion limiting steady-state current. As the tip approaches the
substrate, the observed current change depends on the distance to the substrate and its conductivity.
For a useful approach curve to be obtained, the tip must be moved to within one or two tip radii
from the substrate.
The well-defined geometry of FIB-milled carbon nanotips was confirmed by SECM approach
curves at insulating substrates. Experimentally, Ru(NH3)63+ was reduced at a carbon nanotip at a
diffusion-limited rate while the tip approached a SiO2-coated silicon wafer as a flat insulating
substrate. Figure 1.6A shows the approach curve obtained using a relatively large carbon
nanoelectrode (a = 119 nm). The normalized experimental approach curve fitted well with a
simulated approach curve for a tip with an insulating outer wall, but not with a curve for a tip with
a conductive outer wall. The good fit was obtained by using an RG value of 1.4 as estimated by
TEM. The theoretical analysis also yielded a very short distance of the closest approach, dc, (i.e.,
the closest tip–substrate distance where the experimental curve fits with the theoretical curve) to
be 8 nm, which confirms the flat tip end (Figure 1.6B).
Remarkably, good fits between experimental and simulated approach curves at an insulating
substrate were obtained for FIB-milled nanoelectrodes with carbon radii of <50 nm. Figures 1.6B
and 1.6C show approach curves for FIB-milled carbon nanotips with a = 44 and 27 nm,
respectively, where good fits were obtained at short distances of ~10 nm for the closest tip–
substrate approach.
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Figure 1.6. Approach curves of SiO2-coated silicon wafers as obtained by using FIB-milled carbon
nanotips with a = (A) 119, (B) 44, and 27 nm in PBS of 1 mM Ru(NH3)6Cl3. Solid and dashed
lines represent simulated curves.
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1.4 Application of small electrodes in single-cell analysis and single NP electrochemistry
1.4.1 Carbon microelectrodes in single-cell analysis
Electroanalysis in single living cells is essential for better understanding of biological
systems. Detection and quantitation of important analytes such as reactive oxygen and
nitrogen species (ROS/RNS), dopamine in small spaces require small size yet hi gh
electrochemical activity probes. Carbon microelectrodes have been widely applied in
intracellular electroanalysis and neurochemistry.
Wightman and his former students have extensively used carbon nanotube (CNT)-based
microelectrodes and carbon fibre microelectrodes as neurochemical sensors. 7,8 Later,
Smaller (nm-sized) carbon electrodes were fabricated for measurement inside single
synapses and vesicles. Huang and coworkers reported the fabrication of an etched carbonfibre nanoelectrode, the tip end was small enough to slip into synaptic clefts without
damaging local structures. 9,10 This allows the direct measurement of exocytosis inside
single synapses. Ewing’s group implanted a carbon-fiber nanotip into living PC12 cells and
measured the total content of catecholamine in single vesicles as vesicles were adsorbed
onto the electrode. 11 They found that only a part of the catecholamine content was released
during exocytosis, indicating the necessity of investigating single vesicles before they are
released. Venton’s group has shown that CNPs could be implanted into dopaminergic
centers of Drosophila brain for dopamine detection. 12 While the tip end of these electrodes
could be controlled in nanometre scale, the micrometre-scale length limit the spatial
resolution and prevent them from being completely inserted into biological vesicles and
other small structures.
Carbon electrodes modified with Pt black were also employed to detect ROS/RNS in single living
cells. The ROS/RNS content of extracellular release from macrophages stimulated by IFN-γ/LPS
8

has been analyzed and quantified using platinized carbon microelectrodes, which has confirmed
the intra-phagolysosomal generation of superoxide ions and nitrogen monoxide by measurements
of peroxynitrite ions.13,14 Interestingly, a collaborative research between Amatore and Mirkin
employed a platinized platinum nanoelectrode inserted into the macrophage cytoplasm, no
significant concentrations of ROS/RNS could be detected. 15 This confirmed that the generated
ROS and RNS could not spill inside macrophages cytoplasm, and evidenced that direct dynamic
measurements of ROS/RNS inside phagolysosomes are needed to improve the presently
incomplete understanding of the phagocytosis. They also found that the thick insulating layer of
platinum nanoelectrode would damage cell membrane during long term measurement. The first
attempt at single vesicle analysis of ROS/RNS was made using a platinized SiC@C core-shell
nanowire that was inserted inside a IFN-γ/LPS stimulated living RAW 264.7 macrophage.16 The
ROS/RNS were spilled onto the platinized nanotip from phagolysosomes when they collided with
the Pt-coated nanowire. In addition to providing an estimate of the total amount of ROS/RNS in
a phagolysosome, these experiments unexpectedly showed that this quantity is highly variable.
However, the micrometer-sized length of this nanowire electrode has prevented the measurement
inside1-2 µm phagolysosomes.
Quantitation of various analytes in small model organisms, single organelles and biological
vesicles is still a major challenge for electroanalytical chemistry, which require robust, small and
sharp nanoelectrodes with high electrochemical activity. The carbon nanoprobes fabricated by
CVD would be another promising tool in single-cell analysis because they can be batch-fabricated
with a small, controllable size and large surface area. They have much thinner insulating layer than
platinum nanoelectrode with minimal membrane disruption and the insulating layer also makes
them more rigid than carbon-fiber nanoelectrodes.
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1.4.2 Nanoelectrodes in single nanoparticle electrochemistry
Metal nanoparticles have attracted a great deal of research interest because of their unique physical
and chemical properties.17,18 Extensive studies have been conducted on metal NPs to understand
the structure–function relationship and single NP studies are preferred to avoid ensemble
averaging.19,20 To access chemical information at a single metal nanoparticle, one can attach it to
the surface of a nanometre-sized electrode, which has to be sufficiently small to eliminate the
possibility of multi-NP binding.21 Zhang’s Group has reported a method to chemically immobilize
a single Au NP at the surface of a Pt disk nanoelectrode. 22 In this method, a single Au NP with a
diameter of 10–30 nm was immobilized at the amino-terminated Pt nanoelectrode surface via
electrostatic interaction. With diﬀerent sizes of single Au NPs immobilized on the same Pt
nanoelectrodes, the size dependent catalytic activity towards oxygen reduction reaction (ORR) in
a KOH solution was reported. Similarly, Sun and coworkers studied the electrochemical stability
of single Au NPs directly adsorbed on a Pt nanoelectrode.23 They have revealed that smaller Au
NPs were harder to oxidize. Sun et al. deposited a single Au NP on the surface of a Pt nanoelectrode
under open circuit potential in a solution containing 1% HAuCl4.24 Diﬀerent from bulk gold, the
spontaneously formed Au NP showed stability in acidic solution during voltammetric scanning.
However, in these researches, it was difficult to differentiate between the currents flowing at the
AuNP and the underlying Pt surface. It is important to using catalytically inert substrate material
in single NP experiments. The carbon nanoelectrodes fabricated by CVD with small and
controllable size will be an ideal substrate electrode for the catalytic activity study of Au NPs.
1.5 Objective
The aim of my PhD work is to fabricate and characterize carbon nanoprobes with small physical
size and high electrochemical activity and apply them into single-cell analysis and single NP
electrochemistry.
10
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Chapter 2. Open Carbon Nanopipettes as Resistive-Pulse Sensors, Rectification Sensors
and Electrochemical Nanoprobes
(This chapter has been published as “K. Hu, Y. Wang, H. Cai, M. V. Mirkin, Y. Gao, G. Friedman, and Y.
Gogotsi. Open Carbon Nanopipettes as Resistive-Pulse Sensors, Rectification Sensors and Electrochemical
Nanoprobes, Anal.Chem. 2014, 86, 8897-890.” Reproduced by permission of American Chemical Society)

2.1 Introduction
Nanometer-sized pipettes pulled from borosilicate or quartz capillaries have been widely employed
in analytical chemistry,1 nanoelectrochemistry,2 and scanning probe microscopies.3 Nanopipettes
are easy to fabricate using a laser pipette puller. A very small orifice radius (e.g., a ≤10 nm 4)
makes nanopipettes useful for studies of charge transfer kinetics at the liquid/liquid interface, 4,5
and sensing applications based on current rectification6-8 or resistive-pulse measurement.9-11 The
outer diameter of the pipette can also be very small because the wall thickness at the tip is
comparable to or smaller than the orifice radius. 1-3 With their small physical size and needle-like
geometry, nanopipettes are excellent tips for scanning electrochemical microscopy (SECM) 3a,d,1214

and scanning ion-conductance microscopy (SICM).3b,14,15

Many applications of nanopipettes require the control of the surface charge and chemical state of
the inner wall. The inner pipette wall can be silanized, 12b,c,16 chemically modified using various
reagents,17 or functionalized by deposition of proteins18a and polymers.18b,19 These labor-intense
methods are plagued by partial pipette blocking and contamination by chemical residues from the
reagents.2,4c,5b Surface modification of very small (e.g., 1–5 nm radius ) pipettes is especially
difficult.4b Here we explore a different approach to controlling the pipette properties by coating its
inner surface with a nm-thick layer of carbon. The potential of the carbon film can be varied by
applying voltage between it and the reference electrode, thus changing the surface charge and the
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double layer at the pipette wall. In this way, one can control the gating properties of the pipette as
well as the electroosmotic flow inside its tapered shaft.
The methodology for chemical vapor deposition (CVD) inside pulled quartz pipettes has been
developed previously20 and used to fabricate carbon nanopipettes (CNPs) with an open path in the
middle21 as well as carbon electrodes with a nanocavity (“nanosampler”) 22a and platinized
nanosensors.22b Somewhat similar procedures were used to fabricate multifunctional carbon
electrodes, including platinum disk/carbon ring and carbon ring/nanopore probes.23 CNPs have
been employed for intracellular injections, electrical measurements and electrophysiology.24 Here
we focus on electrochemical and sensor aspects of CNPs.
2.2 Experimental
Chemicals and materials
The following chemicals were used as received: 1,2-dichloethane, sodium hexafluorophosphate
(NaPF6), benzonitrile, KCl, NaCl, and sodium tetraphenylborate (NaTPB) from Sigma-Aldrich;
monosodium

phosphate

and

disodium

phosphate

from

J.T.

Baker

Chemical;

hexaammineruthenium (Ru(NH3)6Cl3) from Strem Chemicals; tetrahexylammonium chloride
(THACl) and tetrabutylammonium perchlorate (TBAClO4) from Fluka. Tetrahexylammonium
tetraphenylborate (THATPB) was prepared by metathesis of NaTPB with THACl and
recrystallized from acetone. Ferrocenemethanol (FcMeOH, Aldrich) was sublimated before use.
Aqueous solutions were prepared from deionized water (Milli-Q, Millipore Co.).

Stock

nanoparticle solutions were obtained from James Rusling (University of Connecticut, Storrs, CT).
AuNP-antibody-PSA stock solution contained 0.95 nM AuNP and 5.55 nM PSA. All the stock
solutions were diluted 5 times with buffer (15 mM NaCl and 10 mM phosphate buffer) prior to
resistive-pulse measurements.
14

Fabrication of carbon nanopipettes
The nanopipettes with the tip radii from 10 to 500 nm were pulled from quartz capillaries (1.0 mm
o.d., 0.5 mm i.d., with a filament, Sutter Instrument Co.) by the laser pipette puller (P-2000, Sutter
Instruments). A layer of carbon was deposited inside the glass nanopipette by chemical vapor
deposition (CVD) at 875°C, using methane as carbon source and argon as the protector, as
described previously.21b,22a The Ar flow of 200 standard cubic centimeters per minute was passed
through the CVD reaction chamber during heating. Once the furnace temperature reached 875°C,
a mixed flow of methane and Ar (3:5 methane to argon ratio) was passed through the reaction
chamber. For quartz nanopipettes used in this work, the CVD time was about 30 min. The radius
of the CNP orifice was calculated from the diffusion limiting current of ferrocenemethanol
oxidation at the carbon nanoring, as discussed previously.22a For some CNPs, the radii found from
TEM images were compared to the values obtained from voltammetry. Representative cyclic
voltammogram and TEM image obtained with the same 120 nm-radius CNP are shown in Fig. 2.1.
A nanopipette was backfilled with aqueous solution using a MicroFil needle (World Precision Ins.
Inc.) and then pressure was applied from the back to remove bubbles from the pipette. To make
connection to the inner solution without touching the carbon wall, the tip of a plastic pipette was
attached to the back of CNP, sealed with parafilm, and filled with the same aqueous solution. Two
Ag/AgCl electrodes are inserted to the back of the plastic pipette and to outer aqueous solution,
forming the first channel for ion flows. The carbon layer can be connected via enameled copper
wire (Magnet wire, 40 AWG, 0.0034" Diameter, from Remington Industries).
No pressure was necessary to fill a CNP with organic solvent. Silver wire was used as an internal
quasi-reference, and Ag/AgCl reference was put in the outer aqueous solution.
Instrumentation and procedures
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Cyclic voltammograms were obtained with a BAS 100B/W electrochemical workstation
(Bioanalytical Systems, West Lafayette, IN). In resistive-pulse experiments, a Multiclamp 700B
amplifier (Molecular Devices Corporation, CA) was used in the voltage-clamp mode to apply
voltage between Ref 2 and Ref 1 and measure the resulting current. The signal was digitized using
a Digidata 1440A analog-to-digital converter (Molecular Devices) at a sampling frequency of 100
kHz. A 10 kHz low pass filter was used. The recordings with higher filter frequency, e.g., 20
kHz, as well as with no filtering were obtained in control experiments to verify that shorter current
pulses have not been missed or filtered out. The data were recorded and analyzed using pClamp
10 (Molecular Devices). The i-V curves were obtained using either BAS or Multiclamp 700B
amplifier.
Characterization of carbon nanopipettes
The two peaks in the cyclic voltammogram of ferrocenemethanol (Fig. 2.1A) are due to the
complete oxidation of FcMeOH molecules inside the carbon-coated pipette shaft during the anodic
potential scan and subsequent reduction of ferrocenium species during the reverse scan. 22a The
diffusion limiting current at positive potentials is produced by steady-state diffusion of FcMeOH
to the carbon nanoring. Its value (~35 pA) corresponds to the CNP orifice radius of ~120 nm.22a
A very similar radius value can be obtained from the TEM image of the same pipette (Fig. 2.1B),
which also shows that a few nm-thick carbon layer covers the entire inner pipette wall up to the
orifice.21b At the same time, no carbon is present on the smooth outer quartz surface.
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Figure 2.1. Characterization of CNP. (A) Cyclic voltammogram of 1 mM FcMeOH at the 120
nm radius CNP. v =50 mV/s. (B) TEM image of the same CNP.
The thickness of the carbon ring can also be evaluated by either voltammetry or electron
microscopy, however, its value is not essential for our experiments.

The ion current in

rectification/resistive-pulse experiments depends on the orifice radius, but not on the carbon
thickness. The thickness of the carbon layer at the tip does not considerably affect the electrontransfer current as long as it is significantly smaller than the quartz pipette radius, which is the case
for the above fabrication conditions. 22a
2.3 Results and discussion
Current rectification and resistive-pulse sensing
The setup employed in these experiments is shown schematically in Fig 2.2A. The CNP is filled
with (typically aqueous) electrolyte solution and immersed in external solution with either the
same or different composition. The outer solution contains one reference electrode (Ref 1), while
the internal reference (Ref 2) is placed in the solution-filled tip of a plastic pipette tightly fitted to
the back of the CNP. The carbon layer can either be connected to the potentiostat as a working
electrode or floating at an open circuit potential. The ion current through the CNP orifice can be
17

induced by applying voltage between Ref 2 and Ref 1 (V = potential of Ref 2 – potential of Ref 1).
Similarly to quartz pipettes and nanopores, 1 essentially linear current-voltage (i–V) curves were
obtained with relatively large CNPs (e.g., a = 650 nm; Fig. 2.2B), while smaller carbon pipettes
(a = 43 nm; Fig. 2.2C) showed significant current rectification indicative of the negatively charged
carbon surface.

Figure 2.2. Ion current measurement with a CNP. (A) Schematic representation of the
experimental setup. The i-V curves obtained with (B) 650 nm radius CNP in 100 mM KCl and
(C) 43 nm radius CNP in 20 mM KCl.
The rectification exhibited by small CNPs is more pronounced than that observed previously with
similarly sized quartz pipettes at the similar pH and ionic strength (cf. Fig. 5 in ref. 11). This
points to the significant negative charge density on the carbon surface in neutral aqueous
solution.6,25 It is interesting to note that even small CNPs filled with organic (e.g., 1,2dichloroethane) solution showed essentially linear i–V curves because of the much lower charge
density (Fig. 2.3).
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Figure 2.3. i–V curve obtained at the 20-nm-radius CNP filled with DCE solution containing 10
mM THATPB and immersed in the same solution. The potential sweep rate was 50 mV/s. Both
Ref 1 and Ref 2 were Ag wires.

The current rectification is expected to become more pronounced with the increasingly negative
surface charge, i.e., when a significant negative potential is applied to the carbon layer. This effect
can be seen in Fig. 2.4. When the carbon layer was biased at the open circuit potential (-110 mV
vs. the internal reference electrode; red curve) or a slightly more negative potential (e.g., -200 mV;
black curve) only minor current rectification was observed using a relatively large CNP (a ≈ 240
nm). The rectification increased markedly with increasingly negative carbon bias (e.g., -500 mV;
purple curve). In contrast, when the carbon surface was biased positively (e.g., +500 mV; orange
curve), the rectification disappeared completely and the corresponding i-V curve became linear.
Applying even more positive bias to observe reverse current rectification was not possible with
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our experimental setup because of the high anodic current flowing at the large carbon surface under
such conditions.

Figure 2.4. i-V curves for a CNP with the carbon layer biased at different potentials in 15 mM
NaCl + 10 mM PBS (pH 7.3). From top to bottom, the carbon bias (mV) was: +500 (orange), 110 mV (red), -200 mV (black), -300 mV (green), -400 mV (blue), and -500 mV (purple) vs.
internal Ag/AgCl reference. a = 240 nm.

The possibility of reversibly changing the surface charge of the inner pipette wall suggests that a
CNP can be used as a versatile resistive-pulse sensor whose response can be tuned to detect a
specific analyte. The feasibility of resistive-pulse sensing with CNPs is shown in Fig. 2.5 that
presents typical current-time recordings obtained in a buffer solution and in the presence of 10 nm
Au nanoparticles with covalently attached monoclonal primary antihuman PSA antibodies and
prostate specific antigen (AuNP-antibody-PSA).26a The 40 to 60 nm diameter of these NPs26b make
them a convenient model for our proof-of-concept experiments. Unlike a background trace (A)
obtained with no nanoparticles added to the external solution, a number of pulses with the current
changes much larger than the noise level can be seen in trace B. Similarly to resistive-pulse
recordings obtained for the same negatively charged AuNP-antibody-PSA using quartz pipettes,26b
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current blockages were observed only when a positive potential was applied to Ref 2 with respect
to Ref 1. However, CNP’s properties as a resitive-pulse sensor are markedly different from those
of a quartz pipette. For instance, the voltage apllied in Fig. 2.5 was only +100 mV, while a much
higher voltage (e.g., +600 mV) was required to detect the same nanoparticles using a quartz
nanopipette.26b

Figure 2.5. Current-time recordings obtained with a 150 nm-radius CNP in 15 mM NaCl+ 10
mM pH 7.3 phosphate buffer. Solution contained: 0 (trace A) and 5.6 nM (trace B) of ~100
nm diameter AuNP-antibody-PSA. V = 100 mV. The baseline current was 10.3 nA (A) and
10.7 nA (B). The carbon layer was at an open circuit potential.
Bipolar nanoelectrodes
One should notice that there are two parallel pathways for the current flow through a CNP with
the carbon electrode floating (i.e., not connected to the potentiostat). In addition to the ion current
discussed above, electronic current can flow in the conductive carbon layer (Fig. 2.6A). The
relative magnitudes of the ionic and electronic components of the total current flowing between
the two reference electrodes are determined by the resistance associated with each pathway, as
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Figure 2.6. CNP operated as a bipolar electrode. (A) Schematic representation of the
electronic pathway in a carbon pipette. (B) Equivalent scheme for the electron and ion current
pathways in a CNP. (C) Cyclic voltammograms obtained with a CNP in a bipolar electrode
mode. External solution contained 0.1 M KCl and 0 (black) or 1 mM (red) of
ferrocenedimethanol. a = 1.6 μm.

shown by the equivalent circuit in Fig. 2.6B. The resistance to the ion current depends on the
solution conductivity and the inside geometry of the pipette; the latter is largely defined by the
orifice radius (a) and the tip angle (). Both parameters are controlled by pipette pulling and CVD
and can be determined by voltammetry and TEM5,11,26b . Rionic increases with decreasing a, , and
the ionic strength of solution. An i–V curve obtained with a not very small CNP normally is
retraceable, and its shape is independent of the potential sweep direction (Fig. 2.2B), indicating
that ion current is the main source of signal. The i–V curves obtained with smaller pipettes show
significant hysteresis due to the contribution of the double-layer charging current flowing at the
large carbon/solution interface (Fig. 2.2C).
The ionic pathway can be completely eliminated by not filling a CNP with the liquid phase, so that
only the back portion of the carbon layer and its nm-sized tip are exposed to solution (Fig. 2.6A).
Two cyclic voltammograms obtained in this configuration by sweeping the voltage applied
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between two reference electrodes (Fig. 2.6C) are very similar to the curves measured at similarly
sized electrodes, which can be made by completely filling the pipette orifice with carbon. 22 A
wide polarization window (>2 V) can be seen in the black curve obtained with no electroactive
species added to the external solution, and a nearly perfect steady-state voltammogram was
recorded after adding 1 mM ferrocenedimethanol (red curve). In these experiments, the carbon
layer was not connected to a potentiostat and behaved as an asymmetric bipolar electrode27,28 with
the large (~mm2) surface area on the back of the CNP and a microscopic ring-shaped tip. The
shape of the voltammogram suggests that both the ohmic resistance of the carbon film and the
electron-transfer resistance at the macroscopic end of the pipette are negligibly small. The electron
transfer between the back portion of the CNP and the solution is sufficiently fast not to affect the
voltammetric response despite the absence of added redox mediator in that solution because the
exposed surface area of carbon is many orders of magnitude larger than that of the pipette tip. The
pA-range current at such a large surface can be produced by double layer charging and/or
oxidation/reduction of impurities.
The voltammogram in Fig. 2.6C is essentially retraceable, suggesting that the size of the
carbon/solution interface did not change on the experimental time scale. However, it was noticed
previously that aqueous solution can gradually advance into the carbon pipette shaft. 22a The effect
of the carbon potential on this process (electrowetting) has yet to be investigated.
Dual electrochemical probes
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The ion current flowing between two reference electrodes and oxidation/reduction current of
electroactive molecules at the carbon nanoring exposed to the external solution can be recorded
independently. The voltammograms shown in Fig. 2.7, were obtained using a CNP filled with an
organic solvent (benzonitrile) immiscible with water and immersed in aqueous solution containing
10 mM of Ru(NH3)6Cl3, 0.1 M KCl and 0.5 mM NaPF6. The steady-state voltammograms of PF6 transfer across the liquid/liquid interface (Fig. 2.7A) and reduction of Ru(NH3)63+ at the carbon
nanoring (Fig. 2.7B) were recorded by scanning the voltage applied between the internal and
external reference electrodes and the carbon electrode potential, respectively. The good quality
ion-transfer and electron-transfer voltammograms in Fig. 2.7 suggest that both signals can be
measured independently without significant interference.
Dual electrochemical nanoprobes, consisting of an open glass pipette and a solid electrode have
been fabricated previously by pulling theta-tubing29 or depositing a conductive layer on the outer
pipette wall and coating it with the insulating film. 14 The advantages of CNPs include a small size
(potentially, just a few nm diameter), complete electrical insulation of the carbon side surface
without any additional coating, and axisymmetric geometry with the concentric liquid/liquid and
carbon/solution interfaces. These features suggest that CNPs can be employed as SECM tips for

Figure 2.7. CNP operated as a dual electrochemical probe. (A) Steady-state voltammogram of
PF6- transfer from the outer aqueous solution (10 mM of Ru(NH3)6Cl3, 100 mM KCl and 0.5 mM
NaPF6) to the inner organic solution (50 mM THATPB in benzonitrile). (B) Steady-state
voltammogram of the Ru(NH3)63+ reduction at the carbon nanoring. a = 140 nm. v = 50mV/s.
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high-resolution simultaneous imaging of surface topography and reactivity. Another potential
application is to generation/collection experiments12c that can be useful for studying mechanisms
of multistep electrochemical processes.
2.4 Conclusions
In conclusion, we have shown that a carbon nanopipette (CNP) produced by coating the inside of
the pulled quartz capillary with a nanometer-thick carbon layer can be employed for a wide range
of electrochemical and sensing applications. The extent of ion current rectification in a CNP
depends on the applied carbon potential, which determines the surface charge and electrical
double-layer at the pipette wall. Thus, a CNP can work as a tunable resistive-pulse sensor whose
properties can be adjusted to detect a specific analyte. The ability to vary the charge on the carbon
surface can be useful for changing the translocation time of charged analytes, e.g., slowing down
the translocation of DNA to facilitate its sequencing.

Another potential application is to

controlling electroosmotic flow inside the pipette tapered shaft and studying its effects on the ion
current. These include the intriguing “electroosmotic flow separation” that can cause ion current
to increase when an SICM probe approaches an insulating surface. 30
The attainable diameter of a CNP tip is <20 nm 4 because both the pipette orifice and the carbon
layer are inside a pre-pulled quartz pipette. Such a small physical size makes CNPs potentially
useful for local electrochemical and resistive-pulse measurements. The CNP tip can also support
a nanometer-sized liquid/liquid interface.

The two signals—ion-transfer current across the

liquid/liquid interface and electron-transfer current at the carbon nanoring—have been monitored
independently, suggesting the suitability of a CNP as a dual-mode SECM probe for high-resolution
topography and reactivity imaging.
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Chapter 3. Ultrasensitive Detection of Dopamine with Carbon Nanopipettes
3.1 Introduction
Dopamine (DA) is an important neurotransmitter released by neurons to send signals to other nerve
cells.1 It is stored in sub-micrometer-sized vesicles and eventually ejected into the synaptic cleft
(exocytosis).2,3 The electrochemical detection of DA in vitro and in vivo is essential for
understanding its pathways and functions in nervous system. Wightman and his former students
have extensively used carbon ultramicroelectrodes to monitor DA exocytosis. 4-9 Several types of
carbon nanotube (CNT)-based microelectrodes have been fabricated and employed as
neurochemical sensors.10-12
Smaller (i.e. nm-sized) electrodes are required for intracellular experiments and DA analysis on
the level of single vesicles.13 At the same time, to obtain stable and well-shaped voltammograms
of dopamine, the electrode surface area must be sufficiently large, and no useful response could
be recorded at a disk-shaped nanoelectrode.

Carbon nanofibers13,14 and carbon-coated

nanopipettes15 with a small tip radius have been used to satisfy both requirements; however, the
micrometer-scale length of such an electrode limits the spatial resolution and prevents it from
being completely inserted into biological vesicles and other small structures. Conical carbon fiber
nanoelectrodes prepared by flame-etching micrometer sized carbon fibers were recently applied to
neurotransmitter measurements in individual synapses. 16,17 The length of the exposed carbon in
these electrodes was also on the micrometer scale.

Carbon nanoelectrodes with different

geometries have been prepared by chemical vapor deposition (CVD). 18-22
To be useful for single-cell and other biomedical experiments, a nanosensor should also have a
sufficiently low detection limit (nM) and fast response time to monitor exocytosis. Here we
discuss two types of carbon nanopipette (CNP) based sensors that combine the small physical size
28

(the tip radius can be <20 nm) with the relatively large surface area of the carbon exposed to
solution and fast mass transport allowing rapid analysis of the sampled redox species. Prepared
by CVD of carbon into the pre-pulled quartz capillaries, they include a "electrochemical
nanosampler"23 with a fixed volume nanocavity near the pipette orifice and open CNPs with an
open path in the middle24 in which the volume of sampled solution can be controlled by applying
pressure. In both cases, the sampling location, i.e., the pipette orifice, is well defined, and cyclic
voltammograms (CV) of the redox species sampled in the nanocavity consist of two essentially
symmetric peaks produced by their complete oxidation/reduction. The sampled amount of redox
species can be obtained by integrating the current under the voltammetric peak.
Even with the simplest nanoprobe geometry (i.e., a flat, disk-type nanoelectrode), voltammetric
experiments performed without independent characterization of the electrode size/shape and
surface morphology are likely to be marred by artifacts and misinterpretations. 25-27 Thorough
characterization of the significantly more complicated CNP geometry is required for meaningful
experiments with these probes. Additional challenges stem from the high complexity of the carbon
electrochemistry in general28,29 and the mechanism of dopamine oxidation in particular. 30 The CNP
behavior can be influenced by nature of the CVD carbon (amorphous vs. graphitic), the sp 3/sp2
ratio and the surface density of the oxygen functional groups. 31,32 A recent study employing CNPs
for DA sensing33 focused on fast-scan voltammetry that is more suitable for practical in vivo
measurements of neurotransmitters than for mechanistic analysis because of a very large
contribution of charging current to the measured responses. Here we use the combination of TEMbased approaches with voltammetry and finite-element simulations to model the CNP response
and analyze the experimental results.
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3.2 Experimental
Chemicals and materials
Ferrocenemethanol (FcMeOH; 99%, Alfa Aesar) was sublimed before use. The following
chemicals were used as received: Hexaammineruthenium (Ru(NH 3)6Cl3) from Strem
Chemicals; Dopamine hydrochloride, Potassium chloride (≥99 %), Potassium ferrycyanide,
potassium ferrocyanide and phosphate buffered saline(PBS) from Sigma-Aldrich. All
aqueous solutions were prepared from deionized water (Milli-Q, Millipore Corp.). For all
Dopamine measurements, pH 7.4 Phosphate buffered saline (PBS) solution was used as the
supporting electrolyte. PBS solution (0.137 M NaCl, 0.01 M Na 2HPO4, and 0.003 M KCl)
was prepared by dissolving tablets (Sigma) in deionized water. Dopamine solution was
prepared by diluting stock solution from 2mM to 1 pM step by step with PBS solution. For
other measurements, 0.1M Potassium chloride was used as supporting electrolyte. 5.0 ultra
high purity of argon and 3.7 ultra high purity of methane gases (PRAXAIR, INC.) were
used as precursors for chemical vapor deposition (CVD).
Fabrication of carbon nanopipettes
Quartz capillaries (1.0 mm o.d., 0.5 mm i.d.) were purchased from Sutter Instrument Co.
The nanopipettes with the tip radius from 5 to 200 nm were pulled by a laser pipette puller
(P-2000; Sutter Instruments) from these quartz capillaries.
Different types of carbon nanopipettes were fabricated by controlling the CVD time and
the composition of the gas mixture, as described previously.19,23 Briefly, shorter CVD time
and higher flow rate ratio of methane to argon produced open CNPs while longer CVD
time and lower flow rate ratio of methane to argon produced either completely filled CNPs
or “nanosampler” CNPs. Other factors, including pipette geometry, the furnace temperature
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and total gas flow rate, can also affect the deposition of carbon layer, which would be
adjusted slightly.
Characterization of nanopipettes by TEM
TEM images and Tomography of carbon nanopipettes were acquired using field emission
transmission electron microscope (JEOL 2100F) operated at 200 keV. Pipette tip (~3mm
long) was cut off and attached to the grid (PELCO Hole Grids, Copper). The TEM images
showed that under different carbon deposition conditions the pipettes could either have an
open path in the middle or a nanocavity at the tip end.
Electrochemical experiments
Voltammetric experiments were performed using a CHI model 760 potentiostat (CH
Instruments, Austin, TX) inside a Faraday cage. The two-electrode setup was used with
either a commercial Ag/AgCl or a 0.25 mm diameter Ag wire coated with AgCl serving as
reference electrode.

All experiments were carried out at room temperature (22−25 °C)

inside a Faraday cage.
FSCV was performed with a ChemClamp potentiostat (Dagan, Minneapolis, MN, with 1 MOhm
Headstage). The waveform was generated, and the data was collected using a High Definition
Cyclic Voltammetry (HDCV) breakout box, HDCV analysis software program (UNC Chemistry
Department, Electronics Design Facility) and PCIe-6363 computer interface cards (National
Instruments, Austin, TX). Electrodes were backfilled with 1 M KCl and a silver wire was inserted
to connect the electrode to the potentiostat headstage. The typical triangular waveform swept the
applied potential from −0.4 V to 1.3 V at 400 V/s versus an Ag/AgCl reference electrode, at a scan
repetition frequency of 10 Hz. The repetition rate was varied for some experiments.
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Electrodes were tested using a flow-injection system. Analyte was injected for 5 seconds and
current versus time traces were obtained by integrating the current in a 100 mV window centered
at the oxidation peak for each cyclic voltammogram (CV). Background-subtracted CVs were
calculated by subtracting the average of 10 background scans, taken before the compound was
injected, from the average of five CVs recorded after the analyte bolus was injected.
Volume control and calculation in carbon nanopipette
The volume of solution inside open CNPs was controlled by a syringe pump, with which
positive or negative pressure can be applied. After applying pressure, multiple
voltammetric cycles were run to monitor the changes in background current. The stabilized
charging current indicated that the solution volume inside the pipette reached a stationary
value. The approximate relationship between the solution volume and the charging current
can be roughly evaluated. More precise volume of solution inside can be calculated by
integration of charge over time.
Brain slice experiments
Exogenous application of dopamine in mouse brain slices was used to test the CNPE’s
performance in tissue. All animal experiments were approved by the Animal Care and Use
Committee of the University of Virginia. C57BL/6 mice (6-8 weeks, Jackson Labs) were housed
in a vivarium and fed and given water ab libitum. The mice were anesthetized with isoflurane,
sacrificed using cervical dislocation, and beheaded immediately. The brain was removed within 2
minutes and placed in chilled (0-5°C) aCSF for 2 minutes. 400 μm sagittal slices of the caudate
putamen were prepared using a vibratome (LeicaVT 1000S, Bannockburn, IL), and transferred to
oxygenated aCSF (95% O2 and 5% CO2) for 1 hour prior to experimentation in order to reach
equilibrium. The CNPE was inserted 75 μm into the caudate putamen. The picospritzing
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micropipettes were made by pulling a 1.2 mm x 0.68 mm glass capillary (A-M Systems, Carlsburg,
WA) using a vertical pipette puller (Narishige, Japan). The tip of the pipette was then trimmed to
make an opening and marked in order to better visualize it in the tissue. 150 µM of dopamine was
pressure ejected into brain slices using a Parker Hannifin picospritzer (Picospritzer III, Cleveland,
OH). The picospritzing micropipette was placed 20-30 μm from the CNPE. The picospritzing
parameters were 20 psi for 0.02-1.50 seconds which resulted in 5-268 nL of 150 μM dopamine
(0.8-40 pmol) being delivered into the tissue. The pipette was calibrated by ejecting dopamine
solution into oil and measuring the diameter of the droplet; the volume of the spherical droplet was
then calculated (4/3*π*r3) and the mols released from the pipette was determined.

3.3 Results and discussion
Voltammetry of dopamine with carbon nanopipettes
When a CNP is immersed in aqueous solution, water gets driven into the pipette by capillary forces.
The nanosampler cavity was shown to get completely filled with solution, while the volume inside
an open CNP increases with time until it reaches some steady-state value.10,11 Similar to the
previously reported cyclic voltammograms (CVs) of the outer-sphere redox mediators, exhaustive
oxidation of dopamine inside the pipette occurs when the CNP potential (E) is scanned in the
anodic direction and its regeneration - during the subsequent cathodic scan (Fig. 3.1). Both the
anodic peak current (ip; Fig. 3.1C) and the charge obtained by integrating the oxidation current
under the peak (Fig. 3.1D) are linear functions of dopamine concentration (cDA), and the
dependence of ip on scan rate (v; Figs. 3.1B,E) is also linear. Linear calibration curves were
obtained for cDA values ranging from ~100 nM to a few mM. The charge corresponding to the
total amount of DA inside the CNP (Fig. 3.1D) can be more useful than the ip for determining the
amount DA in a single biological vesicle or other microscopic compartments. As long as the
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solution volume inside the pipette is constant, the charge is proportional to dopamine concentration
in the external solution.
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Figure 3.1. CVs of DA obtained with (A) a nanosampler and (B) an open CNP. The peak current
(C) and charge (D) vs. DA concentration calibration curves are from CVs in shown in panel A. (E)
Scan rate dependence of the peak current for CVs shown in panel B. (A,C,D) a = 150 nm, v =0.1
V/s, cDA, µM = 0.1 (blue curve ), 1 (red), 10 (black) and 100 (green). (B,E) a =120 nm, c DA = 1
nM, v, V/s = 0.1 (red),1 (black) and 10 (green).
Different sampling strategies have to be employed for a nanosampler and an open CNP. Because
the cavity of the nanosampler is relatively shallow, the mass-transfer rate is sufficiently fast to
sample DA from solution by diffusion. For the cavity depth of ~1-5 µm, the expected diffusion
time is of the order of 0.01 s. The solution volume in an open CNP is significantly larger, and the
mass-transfer in and out of the pipette is relatively slow, and the way to quickly sample DA is to
draw the solution into the CNP by applied pressure. In both cases the knowledge of the solution
volume and geometry of the CNP cavity is essential for the data analysis. The solution volume
inside an open CNP can be controlled by applying the external pressure to it using a syringe pump
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(Fig. 3.2). The 200 voltammetric cycles in Fig. 3.3A (v = 0.5 V/s) show the changes in the CV of
2 mM ferrocyanide in response to slowly increasing outward pressure applied to the 125-nm-radius
open CNP. As the pressure increased, the solution was pushed out of the pipette, and the height
of both anodic and cathodic peaks decreased. For each potential cycle, the solution volume can
be found from the charge value obtained by integrating the current to produce the volume vs.
pressure calibration curve (Fig. 3.3B). Using such a calibration, the desired solution volume in
the pipette can be obtained by applying the corresponding pressure value to it. With no redox
mediator added to the solution, the double layer charging current (ic) can be calibrated vs. the
applied pressure (Fig. 3.3C) and used to evaluate the area of the carbon wall exposed to solution,
which is directly proportional to ic at a given scan rate.

Figure 3.2. Schematics of the system used for a pressure control in an open
carbon nanopipette.
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Figure 3.3. Electrochemical calibration of the an open CNP response as a function of the applied
pressure. (A) 200 voltammetric cycles of 2 mM ferrocyanide in 0.3 M KCl recorded at a 125 nmradius open CNP by continuously increasing the applied outward pressure from 1.2 bar (top) to
2.6 bar (bottom). (B) Volume vs. pressure calibration curve obtained from (A).
TEM characterization of CNPs
The detailed information about CNP geometry can be obtained from TEM images, and used to
quantitatively model the CNPs response. Fig. 3.4A and Fig. 3.4B shows TEM images of open
CNP and nanosampler CNP, respectively. Panel B shows that the quartz pipette was filled with
carbon and contained several voids along its axis.
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B
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Figure 3.4. TEM images of (A) 70 nm radius open CNP and (B) 31 nm radius nanosampler and
(C,D) two frames from tomography movies of the same nanosampler.
With 3D reconstruction of a carbon nanosampler, we can see that these cavities are not
connected, and only one of them adjacent to the tip is exposed to solution. From panel B
we can also determine the diameter of this cavity at the tip (62 nm at the tip), depth, the
thickness of the carbon film, and other parameters of its geomet ry. Panel B shows the
thickness of the quartz wall (~10 nm) and suggests that no carbon was deposited on the
outer pipette wall (this is important because the external carbon film could contribute to the
measured current).
Detecting ultra-low concentrations of dopamine
Even extremely diluted DA can produce measurable signal after a pre-concentration
process takes places on the carbon surface, which is very intriguing and unexpected.
Generally, open CNPs showed higher sensitivity towards DA oxidation than that of
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nanosamplers because of larger surface area exposed to solution. The curve in Fig. 3.5 was
recorded with an open CNP in solution containing 100 pM of dopamine. This is at least
four orders of magnitude lower than the lowest concentration of dopami ne measured
previously by electrochemical techniques. The anodic and cathodic peak potentials in Fig.
3.5A exactly correspond to oxidation/reduction of dopamine, while no peaks appear within
a broad potential window in the blank curve (Fig.3.5B) obtained under the same
experimental conditions, but with no dopamine in solution. Similar results have been
obtained with other CNPs. Although the signals must be due to dopamine, the amount of
charge is much larger than one can expect from the solution volume inside the pipette shaft.
We hypothesize that the adsorption of dopamine on porous carbon film and/or
electrocatalytic processes (e.g., electrocatalytic oxygen reduction) may be responsible for
the unexpectedly high signal. Further investigation of this system may produce new
approaches to ultra-sensitive nanosensors for analytes other than dopamine.

Figure 3.5. Voltammogram of 100pM DA at open CNP (v=0.1V/s) and the background in pH
7.4 PBS (v=0.5V/s). a=150nm.
For open CNPs, carbon surface exposed to the analyte solution can be increased compared
to nanosamplers, thus one can obtain a significantly higher sensitivity and a very low
detection limit. To verify the volume of DA, DA and RuHex were put together in PBS
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solution. Fig. 3.6 shows the voltammograms of 100 pM DA and 1 μM Ru(NH 3)6Cl3 on the
same pipette. The pair of the anodic and cathodic peak near -0.3 correspond to the oxidation
and reduction processes of Ru(NH 3)62+/Ru(NH3)63+, while the peaks around 0.25 V
correspond to the DA. The peak around 0.1 V may come from the intermediate species
related to the oxygen reduction at -0.5 V. The total charge of the outer-sphere type RuHex
reduction reaction was 12 pC, and the volume of the solution trapped inside the CNP could
be confidently determined to be 120 pL. The charge of the complete oxidation of 100 pM
DA calculated based on the determined volume is only 2.4 fC. The current produced by
this charge is far below (0.014 pA) the ~70 pA found in the voltammogram. The possibility
of the interference from solution impurities is excluded because the current peaks are absent
in PBS background. Also noting that, at 0.1 M KCl, the negative charges at the carbon
surface are effectively screened, and have negligible effect on the concentration of the
redox ions. Such large observed anodic and cathodic dopamine current could come from
the surface adsorption. It is known the dopamine could adsorb on the carbon surface, and
considering the large carbon surface exposed to the solution and possible porous structure,
the strong adsorption of the dopamine at the carbon could contribute to such large current.
We have also used the numerical simulation to further evaluate the surface adsorption effect
of the DA inside the carbon nanopipettes. The effective solution volume can be estimated
from the charges enclosed inside the Ru(NH 3)63+ peak around -0.3 V, with the a= 230 nm
and 5 half-cone angle, the calculated effective depth of the solution inside the nanopipettes
is about 345 µm (1500a). The simulated Ru(NH 3)63+ peaks (blue dots in Figure 3.6) with
this geometry are in good agreement with the experimental results (black curve in Figure
3.6). Then the DA peaks are also fitted (red dots) by varying the adsorbed surface

39

concentration inside the carbon nanopipettes. It is found that the surface concentration of
1000 pmol/cm 2 fits well with the experimental results. It is known the carbon surface can
strongly adsorb the analytes due to its high roughness and the affinity to DA, and the
saturation coverage is generally in the range from 100-1000 pmol/cm 216. Two main factors
may explain the relatively higher fitted surface DA concentration of 5000 pmol/cm 2 than
the reported value. One is the underestimated carbon surface area in the simulation, the
rough and porous structure of the carbon inside the nanopipettes could lead to much larger
surface areas. Also, it is known surface charge density, or the density of the surface
carbonyl and carboxylic groups are higher than the untreated carbon fiber materials.

Figure 3.6. Experimental (black curve) and simulated voltammograms (blue and red dots) of 100
pM DA and 1µM RuHex. v=1V/s. a = 230 nm
The surface adsorption of DA can be further verified by the voltammograms sequentially
obtained in pH7.4 PBS (black), 10nM DA (red) and pH7.4 PBS (blue) at 90nm radius
carbon nanosampler. As can be seen from Fig. 3.7, significant redox current of DA (red
curve) was obtained in pH7.4 PBS after carbon nanoelectrode was scanned in 10nM DA
and cleaned with water. Then after more than 30 minutes, the peaks were still there (blue
curve) while before putting in 10nM DA, there are no redox peaks of DA in pH7.4 PBS
(black curve).
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Figure 3.7. Voltammograms obtained sequentially in pH7.4 PBS (black), 10nM DA (red) and
pH7.4 PBS (blue) at carbon nano sampler. v=1V/s. a=90 nm
In addition to DA detection, Fig. 3.8 shows the volmmogram in 10nM serotonin, with welldefined anodic and cathodic peaks, which means serotonin and other physiologically
important species can be detected with CNPs 34.
For more practical applications, CNPs can be employed for permselective detection of ascorbic
acid (AA) and dopamine (DA). AA (pKa1 = 4.04, pKa2 = 11.7) and DA (pKa1 = 8.86, pKa2 = 10.6)
are dominantly negatively and positively charged, respectively, at pH 7, and thus would be
expected to exhibit different Electric double layer (EDL) effects on the CNPs with lower
concentration PBS (10% of the original concentration). Besides, DA plays many critical roles in
the function of human metabolism, central nervous, cardiovascular, renal, and hormonal systems.
AA usually coexists with DA in biological samples so can interfere with the detection of DA. 35
Figure 3.9 shows the detection of DA in the presence of excessive ascorbic acid (AA). We used
significant concentration of DA and AA. A basal level of dopamine (DA) is 1 nM and 10 nM in
human serum and in the brain, respectively. Ascorbic acid (AA) in our body is 0.2– 0.5 mM while
a conventional bare carbon microelectrode cannot discriminate between DA and AA by
voltammetric response (Fig. 3.10 ) even with differential pulse voltammetry, CNPs can clearly
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differentiate 50 nM (A) or 5 nM (B) DA (oxidation/reduction peak at ~0.15 V) from 0.1 mM (A)
or 0.5 mM (B) AA (oxidation peak at ~ -0.05 V) solution, even though the concentration of AA is
2000 times (A) or 100000 times (B) higher than that of DA. We obtained ~ 20000-fold selectivity
with 28 nm radius CNP. Such an excellent selectivity can be attributed to the synergistic effect of
the electrostatic interaction between cationic DA molecules (or anionic AA molecules) and
negatively charged CNPs and reactivity of reactants. AA is more sluggish oxidation than DA. The
lower value of selectivity (~ 5000-fold) is obtained at 260 nm radius CNP since electrostatic
interaction decreases with increasing pore size. These results establish that electrostatic interaction
on CNPs may be employed to differentiate analytes based on their charge.

Figure 3.8. Voltammogram of 10nM serotonin (A) and pH 7.4 PBS (A) at open CNP, a=150 nm,
v= 1V/s.
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Figure 3.9. Cyclic voltammograms of 28 (A) and 260 nm (B) radius CNP in PBS (0.01 M Na2HO4,
0.0018 M KH2PO4, 0.0027 M KCl, and 0.137 M NaCl, pH 7.4) containing 0.1 mM AA and 50
nM DA (A), and 0.5 mM AA and 5 nM DA (B). v = 0.5 V/s.
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Figure 3.10. Cyclic voltammograms (A and B) and a differential pulse voltamogram (DPV) (C)
of 4 μM radius carbon microelectrode in PBS (0.01 M PB, 0.0027 M KCl, and 0.137 M NaCl, pH
7.4) containing 0.1 mM AA and 10 μM DA. v, V/s = 0.5 (A) and 500 (B). (C) The DPV was
obtained with the 50 mV voltage amplitude, an increment of 4 mV, 50 ms pulse width and 16.7
ms sampling time.

Cavity and Open-tube CNPEs Comparison with FSCV
The response of CNPEs was tested with FSCV using a typical dopamine waveform of −0.4 to 1.3
V and back at 400 V/s and a scan repetition frequency of 10 Hz. Figure 3.11 shows examples of
background charging current CVs, background-subtracted CV for 1 μM dopamine, and the
oxidation current vs time response to a bolus of dopamine. Electrodes were equilibrated by
applying the waveform in solution for 30 min. The electrodes are very small, as evidenced by the
small background charging currents which are on the order of 10 nA. The CVs have oxidation and
reduction peaks that are nearly symmetrical in current, indicating a much better reversibility than
traditional CFMEs. The Ep for dopamine is 0.7 V for both cavity and open tube but the peaks are
slightly shifted (~0.2 V) to positive potentials. The CVs also have an extra peak at 0.16 V, due to
dopamine cyclization reactions. Consdering DA oxidation pathway: following the two-electron
oxidation of dopamine (a, DA) to dopamine-o-quinone (b, DOQ), ring closure via deprotonation
of the amine side chain to leucodopaminechrome (c, LDAC) occurs irreversibly. LDAC is then
oxidized to dopaminechrome (d, DAC). The extra peak at 0.16 V is due to the oxidation of LDAC
to DAC and is not typically observed at CFMEs at low concentrations. However, cyclization
reactions have been observed at long-length CNTs, which can trap the produced species.30 Here,
the CNPE traps the DOQ and increases its local concentration in the cavity, which also amplifies
the second redox reaction.
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Figure 3.11. Electrochemical response to 1 μM dopamine at a cavity CNPE (A-C) and an open
tube CNPE (D-F). Measurements were obtained at scan rate of 400 V/s and scan repetition
frequency of 10 Hz. (A, D) Background currents in PBS buffer, B, E) background subtracted cyclic
voltammogram to 1 μM dopamine, and (C, F) measured oxidation current versus time for a flow
injection analysis experiment (dopamine bolus injection and changing back to PBS buffer are
marked as black arrows).

Measurements of dopamine in mouse brain slices with FSCV
To test the stability and robustness for tissue measurements, the cavity CNPEs were tested in
mouse brain slices where dopamine was exogenously applied to the tissue. Since the cavity CNPEs
are open to their environment, there was a concern that they could be clogged with tissue. Figure
3.12A shows that the CNPE is able to detect dopamine in tissue, with different currents for
different amounts of dopamine applied; both the primary oxidation and reduction peaks are present
in the background subtracted CVs. In Figure 3.12B, the oxidative current versus time plot shows
that the dopamine signal decreases after the ejection, demonstrating that the analyte is able to exit
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the cavity. These results indicate that the cavities of the CNPEs are not being clogged when
inserted into tissue, and that they are able to detect the presence of dopamine in tissue.
B.
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Figure 3.12. Electrochemical response of cavity CNPEs to exogenous dopamine application.
Measurements were obtained at a scan rate of 400V/s and at a scan rate frequency of 10 Hz. (A)
Background subtracted CVs of the same electrode with varying the time for dopamine application
(pressure kept constant). The pressure-ejection times (0.02 to 1.5 seconds) were converted to molar
quantities released by the picospritzing pipette using the initial concentration of the dopamine
solution (150 μM) and the volume of solution released for each duration. (B) The oxidative current
versus time for a different electrode with a 1 second puff of dopamine (27.0 pmol). The dopamine
was ejected at the arrow.
3.4 Conclusions
Both an open CNP and a nanosampler can be used for ultra- sensitive detection of DA and
other neurotransmitters in biological systems. With TEM tomography and numerical
simulation, we assume that the porous structure and relatively higher surface charge density
of deposited carbon contribute to the much higher sensitivity and lower detection limit,
which open a path for low concentration and quickly released neuron transmitter s
measurement.
Cavity carbon nanopipettes are useful nanoelectrodes for detection of dopamine with submicron
spatial resolution with FSCV. These CNPEs are truly nanometer in dimensions and should be
useful for measurements in discrete locations, including small model systems, synapses, and at
living cells.
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3.5 Finite element simulations
The electrochemical response of the carbon-coated nanopipette was modeled for a
Nernstian one-electron redox process assuming diffusioncontrolled mass-transport (excess
supporting electrolyte). The time-dependent and steady-state voltammetric responses were
simulated using COMSOL Multiphysics v4.2a (Comsol, Inc.). The axisymmetric diffusion
problem for the nanosampler geometry is shown in the Appendix, and the COMSOL Model

Time-dependent diffusion problem for the electrochemical nanosampler
The diffusion problem for the electrochemical nanosampler is formulated here for reduced
species (R) and excess supporting electrolyte initially present in solution. The corresponding
differential equations in cylindrical coordinates are:
𝜕𝑐𝑅
𝜕 2 𝑐𝑅 1 𝜕𝑐𝑅 𝜕 2 𝑐𝑅
= 𝐷𝑅 ( 2 +
+
) ; 𝑡 > 0, 0 < 𝑟 < 𝑟𝑠, −ℎ < 𝑧 < 𝑙𝑙 ; (S5.1)
𝜕𝑡
𝜕𝑟
𝑟 𝜕𝑟
𝜕𝑧 2
𝜕𝑐𝑂
𝜕 2 𝑐𝑂 1 𝜕𝑐𝑂 𝜕 2 𝑐𝑂
= 𝐷𝑂 ( 2 +
+
) ; 𝑡 > 0, 0 < 𝑟 < 𝑟𝑠, −ℎ < 𝑧 < 𝑙𝑙 ; (S5.2)
𝜕𝑡
𝜕𝑟
𝑟 𝜕𝑟
𝜕𝑧 2
where t is time, r and z are the coordinates in directions parallel and normal to the pipette orifice
plane, respectively; 𝑐𝑅 and 𝑐𝑂 are the concentrations of R and O species, respectively; and 𝐷𝑅 and
𝐷𝑂 are the diffusion coefficients of R and O species, respectively. rs is the simulation space limit
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in the radial direction, ll and l are the z coordinates of the upper and lower simulation space limits,
respectively. h is the depth of the carbon pipette. c* is the bulk concentration of R in the solution,
rg is the insulator radius, and tc is the carbon layer thickness.
𝑐𝑅 = c ∗ , 𝑐𝑂 = 0; t = 0 ;
𝜕𝐶𝑅
𝜕𝑛

=−

𝜕𝐶𝑂
𝜕𝑛

= 𝑘 𝑐𝑂 exp[−𝛼

𝑛𝐹
𝑅𝑇

′

(initial conditions)

(𝐸 − 𝐸 0 )] − 𝑘𝑐𝑅 exp[(1 − 𝛼)

𝑛𝐹
𝑅𝑇

(S5.3)

′

(𝐸 − 𝐸 0 )]; t > 0, a  r  a+tc,

z = 0; -h  z  0, r = a – ztanθ;

(carbon surface)

(S5.4)

where E is the electrode potential, E0’ is the formal potential, k is the standard rate constant,
and 𝜕𝑐/𝜕𝑛 is the normal derivative.
𝜕𝐶𝑅
𝜕𝑛

=

𝜕𝐶𝑂
𝜕𝑛

= 0 ; t> 0, z=0, a <r  rg ; -l  z  0, r = rg- ztanθ ; (outer pipette wall)
(S5.5)

𝑐𝑅 = c ∗ , 𝑐𝑂 = 0; t > 0, z=ll, 0  r  rs; -l  z  ll, r=rs; z= -l, rg+ltanθ < r  rs;
(simulation space limit) (S6)
𝜕𝐶𝑅
𝜕𝑅

=

𝜕𝐶𝑂
𝜕𝑅

= 0; t > 0, r = 0, -h  z  ll

(axis of symmetry)

(S7)

The current was obtained by integrating the diffusion flux over the carbon surface.

COMSOL Report

1 Global Definitions
Parameters 1
Parameters

Name
a
h0
tc
tan
RG
D

Expression
230[nm]
345[µm]
5[nm]
0.14
1.2
5e-6[cm*cm/s]

Value
1.2E−7 m
6.7E−7 m
5E−9 m
0.14
1.2
5E−10 m²/s

Description
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Name
k
E0
ci
F
Cd

Expression
0.2[cm/s]
0.12[V]
100[µmol/L]
96485[C/mol]
15[F/m/m]

Value
Description
0.002 m/s
0.12 V
1 mol/m³
96485 C/mol
15 F/m²

Variables
Name
Ei
El
v
tau
E
idl

Expression
-0.3[V]
0.7[V]
10[V/s]
(El - Ei)/v
Ei + v*t*max(0, -sign(t - tau)) + v*(2*tau - t)*max(0, sign(t tau)) + (El - Ei)*(1 - abs(sign(t - tau)))
v* - sign(t - tau)*Cd

Unit
V
V
V/s
s
V

Description

A/m^2

Component 1
Geometry 1

Geometry 1
Units

Length unit m
Angular unit deg
Geometry statistics

Description
Space dimension

Value
2
49

Description
Number of domains
Number of boundaries
Number of vertices

Value
1
10
10

Bézier Polygon 1 (b1)
Polygon segments

Description
Control points
Degree
Weights
Type

Value
{{0, a + tan*h0, a, a + tc, a*RG, a*RG + tan*50*a, 50*a, 50*a, 0, 0}, {-h0, -h0, 0, 0,
0, -50*a, -50*a, 50*a, 50*a, -h0}}
{1, 1, 1, 1, 1, 1, 1, 1, 1}
{1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1}
Solid

Point 1 (pt1)
Point

Description
Value
Point coordinate {a + tan*0.1*h0, -0.1*h0}

Transport of Diluted Species

Transport of Diluted Species
Selection

Geometric entity level Domain
Selection
Domain 1
Equations
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Transport Properties 1

Transport Properties 1
Selection

Geometric entity level Domain
Selection
Domain 1
Equations

Settings

Description
Material
Diffusion coefficient
Diffusion coefficient
Diffusion coefficient
Diffusion coefficient

Value
None
User defined
{{D, 0, 0}, {0, D, 0}, {0, 0, D}}
User defined
{{D, 0, 0}, {0, D, 0}, {0, 0, D}}

Axial Symmetry 1
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Axial Symmetry 1
Selection

Geometric entity level Boundary
Selection
Boundary 1

No Flux 1

No Flux 1
Selection

Geometric entity level Boundary
Selection
Boundaries 6, 8
Equations

52

Initial Values 1

Initial Values 1
Selection

Geometric entity level Domain
Selection
Domain 1
Settings

Description
Value
Concentration {0, ci}

Concentration 1
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Concentration 1
Selection

Geometric entity level Boundary
Selection
Boundaries 3, 9–10
Equations

Settings

Description
Species cO
Species cR
Concentration
Apply reaction terms on
Use weak constraints
Constraint method

Value
On
On
{0, ci}
All physics (symmetric)
Off
Elemental

Flux 1
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Flux 1
Selection

Geometric entity level Boundary
Selection
Boundaries 2, 4–5, 7
Equations

Settings

Description
Flux type
Species cO
Species cR
Inward flux

Value
General inward flux
On
On
{-k*cO*exp(-0.5*38.9[1/V]*(E-E0)) + k*cR*exp(0.5*38.9[1/V]*(E-E0)), k*cO*exp(0.5*38.9[1/V]*(E-E0)) - k*cR*exp(0.5*38.9[1/V]*(E-E0))}

Mesh 1
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Mesh 1

Size (size)
Settings

Description
Maximum element size
Minimum element size
Curvature factor
Maximum element growth rate

Value
8.04E-7
3.6E-9
0.3
1.3

Free Triangular 1 (ftri1)
Selection

Geometric entity level Remaining

Free Triangular 1
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Size 1 (size1)
Selection

Geometric entity level Boundary
Selection
Boundaries 4–5

Size 1
Settings

Description
Maximum element size
Minimum element size
Minimum element size
Curvature factor
Curvature factor
Resolution of narrow regions
Maximum element growth rate
Maximum element growth rate
Custom element size

Value
0.001*a
3.75E-9
Off
0.3
Off
Off
1.3
Off
Custom

Size 2 (size2)
Selection

Geometric entity level Boundary
Selection
Boundaries 2, 6–7
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Size 2
Settings

Description
Maximum element size
Minimum element size
Minimum element size
Curvature factor
Curvature factor
Resolution of narrow regions
Maximum element growth rate
Maximum element growth rate
Custom element size

Value
0.01*a
3.75E-9
Off
0.3
Off
Off
1.3
Off
Custom

Size 3 (size3)
Selection

Geometric entity level Point
Selection
Points 3–4, 7
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Size 3
Settings

Description
Maximum element size
Minimum element size
Minimum element size
Curvature factor
Curvature factor
Resolution of narrow regions
Maximum element growth rate
Maximum element growth rate
Custom element size

Value
0.001*a
3.75E-9
Off
0.3
Off
Off
1.3
Off
Custom
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Chapter 4. Platinized Carbon Nanoelectrodes as Potentiometric and Amperometric SECM
Probes

(This chapter has been published as “K. Hu, Y. Gao, Y. Wang, Y. Yu, X. Zhao, S. Rotenberg, E. Gökmeşe,
M.V. Mirkin, G. Friedman, Y. Gogotsi. Platinized carbon nanoelectrodes as potentiometric and
amperometric SECM probes. J. Solid State Electrochem. 2013, 17, 2971-29771.” Reproduced by
permission of Springer)

4.1 Introduction
Nanometer-sized electrochemical probes introduced since 1990’s have opened new areas of
electrochemical

research

and

made

broad

impacts

to

other

nanotechnology/nanoscience, cell biology, and materials chemistry.1-3

fields

including

Most reported

nanoelectrodes were amperometric probes made of Pt, Au, or Ag and shaped as bands, disks,
cones, and nanopores.4-17 Both disk and conical nanoelectrodes have been used as tips in scanning
electrochemical microscopy (SECM)18 and employed for electrochemical measurements inside
thin polymer films and biological cells.19,20 We previously reported relatively straightforward
procedures for the preparation of polished disk-type nanoelectrodes, which are most suitable for
quantitative experiments, by pulling Pt or Au microwires into glass capillaries and polishing them
under video-microscopic control.15,

21

The recessed electrodes prepared by etching polished

nanoelectrodes can be useful for sensor fabrication.22
In most reported electrochemical experiments, the current at a nanoelectrode was produced by a
rapid, outer-sphere electron-transfer (ET) reaction. The use of smooth metal nanoelectrodes with
kinetically slow, inner-sphere redox mediators (e.g., oxygen), which require efficient
electrocatalysis,23 is not straightforward. A practically important example is reactive oxygen and
nitrogen species (ROS and RNS) that passivate the small surface of a Pt nanoelectrode and
diminish the signal.24 Even micrometer-sized probes used for measurements of ROS and RNS in
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a proximity of biological cells had to be coated with Pt black to improve the stability of the
response.25 Several approaches to fabricating micrometer and submicrometer-sized Pt electrodes
with high surface area have been reported in the literature.25-28 Recently, we modified the
procedure developed by the Amatore group for depositing Pt black on microelectrodes to prepare
platinized Pt nanoelectrodes under the AFM control and used them to detect ROS and RNS inside
murine macrophages.24 A major issue encountered in those experiments was a relatively large
physical size of the glass-sealed platinized electrodes. While the diameter of the conductive Pt
core could be under 100 nm, the outer diameter of glass, ~500-700 nm at the tip, was too large for
experiments inside macrophages, which are much smaller than cultured breast cells used in our
previous experiments (i.e., ~10 µm vs. ~50 µm diameter). 20 A macrophage did not remain alive
long enough after the penetration to allow voltammetric characterization and quantification of the
ROS/RNS cocktail. Here we report the preparation of platinized carbon nanoelectrodes with much
smaller overall diameters. This was achieved by pulling an open quartz nanopipette with a wall
thickness smaller than or comparable to the orifice radius, filling it with carbon by vapor
deposition,29, 30 and then platinizing the tip.
Platinized nanoelectrodes can also be used as potentiometric sensors. Such probes are needed for
measuring membrane potentials and intracellular potentials in biological cells.31,32

Several

potentiometric nanoprobes (mostly ion-selective electrodes) have been reported to date,33 and
various technical issues complicating miniaturization of such electrodes and precluding
potentiometric measurements at the level of single ions have been discussed.33,34 A smooth metal
nanoelectrode is not a good potentiometric sensor because of the high interfacial resistance and
low capacitance, corresponding to its small surface area.35 By coating carbon nanoelectrodes with
Pt black, one can significantly increase the surface area while preserving the small physical size
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essential for intracellular experiments. In this paper we also demonstrate the possibility of using
a platinized electrode either as an amperometric or potentiometric SECM tip. The former mode is
useful for positioning the probe and monitoring the penetration of the cell membrane. After
switching to the potentiometric mode, the same platinized probe can be used to measure the
membrane potential.
4.2 Experimental
Chemicals
All aqueous solutions were prepared from deionized water (Milli-Q, Millipore Corp.).
Ferrocenemethanol (Aldrich) was sublimated, and potassium ferrocyanide and ferricyanide
(Aldrich) were recrystallized before use. Potassium chloride (≥99%, Aldrich) was used as
supporting electrolyte. Phosphate buffered saline (PBS; pH 7.4; 0.137 M NaCl, 0.01M Na 2HPO4,
and 0.003 M KCl) was prepared by dissolving tablets (Sigma) in deionized water. The solutions
for potentiometry were prepared by mixing K3[Fe(CN)6] and K4[Fe(CN)6] in the following
proportions 1:1000, 1:100, 1:10, 1:1, 10:1, 100:1 and 1000:1. PBS was used as supporting
electrolyte.
Cell culture
Mid-passage MCF-10A cells, a human breast epithelial cell line, were cultured as described
previously.20 Cells were plated at 5-20% confluence (2-8 x 103 cells/60-mm plate) on the day
before the experiment. Prior to each experiment, adherent cells were rinsed with pH 7.4 phosphatebuffered saline (PBS) without calcium or magnesium, which was used as electrolyte in all
electrochemical experiments.
Fabrication of carbon nanoelectrodes
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Quartz capillaries (1.0 mm o.d., 0.3 mm i.d.) were purchased from Sutter Instrument Co. The
nanopipettes with the tip size from 10 to 200 nm were pulled by laser pipette puller (P-2000 from
Sutter Instruments). A layer of carbon was deposited inside the glass nanopipette by chemical
vapor deposition (CVD) method at 875°C using methane as carbon source, as described
previously.30,36 The thickness and distribution of carbon layer depend on the CVD time, the pipette
shape and tip diameter. For quartz nanopipettes used in this work, the CVD time of three hours
normally produced nanoelectrodes with the pipette orifice completely filled with carbon. Because
of minor variations in the deposition process, the carbon-filled electrode was either essentially flat
or contained a cavity inside the narrow shaft of the capillary. In the former case, a nanocavity was
formed by placing the nanoelectrode for a few seconds in the 400 C oven to oxidize carbon in air.
The depth of the formed cavity could be evaluated by comparing steady-state diffusion limiting
currents measured in the same solution before and after annealing.22, 24
Scanning Electron Microscopy
A Zeiss Supra 50VP scanning electron microscope (SEM) was used to characterize surface
morphology of the fabricated nanoelectrodes. The side view of the tip verifies the absence of a
carbon layer on the outer wall formed during CVD, and the top view shows the size of nanopipette
orifice and whether or not it is filled by carbon. The 1.5-3 kV gun voltage was used to take side
view images and 1.5 kV – 2 kV was used for top view images with a typical working distance of
4 mm.
Platinization of carbon electrodes
A carbon nanoelectrode with a preformed nanocavity was biased to -150±70 mV vs. Ag∕AgCl
reference in the platinization solution using a BAS-100B electrochemical analyzer (Bioanalytical
Systems, West Lafayette, IN). The process was stopped when the sharp increase in the slope of
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the current-time curve indicated that the nanocavity was completely filled with Pt black or when
the deposition current reached the target value. The platinization solution was prepared by adding
1 mL of hexachloroplatinic acid solution (8 wt. %, Aldrich) and 0.0016 g of lead (II) acetate
trihydrate (Alfa Aesar) in 6.4 mL PBS and then diluting it with additional 51.8 (7.4×7) mL PBS.
Electrochemical instrumentation and procedures
The two-electrode setup was employed for voltammetry and SECM experiments with a platinized
nanoelectrode working electrode and a 0.25-mm-diameter Ag wire coated with AgCl serving as a
reference electrode. Either a commercial Ag/AgCl reference electrode or a coated wire reference
was used for potentiometry. Voltammetric experiments were carried out using either an EI-400
bipotentiostat (Cypress Systems) or a BAS-100B electrochemical analyzer (Bioanalytical
Systems, West Lafayette, IN). Potentiometry was performed using a Model 6512 programmable
electrometer (Keithley Instruments, Cleveland, OH). All experiments were done at room
temperature (22-25°C) inside a Faraday cage.
SECM measurements were performed with a home-built instrument, which was similar to the one
described previously.37 In the present instrument, home-written LabView software was used to
control an EI-400 bipotentiostat and the tip positioning system. The Thorlabs 2-axis manual
translation stage (x-y) and motorized stage (z-axis) were used for coarse tip positioning. Actuation
for imaging and fine positioning was through a P-622 NanoCube XYZ piezo stage (Physik
Instrumente) driven by an E-621.CR piezo controller (Physik Instrumente). To obtain an SECM
approach curve, the pipette was first positioned a few hundred micrometers above the substrate
surface using positioning stages. To avoid crashing, this process was monitored with a longdistance video microscope. The cell penetration experiments were carried out in a plastic culture
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dish mounted on the horizontal stage of an Axiovert-100 inverted fluorescence microscope (Zeiss)
that was set on an optical table.
4.3 Results and Discussion
Fabrication of platinized nanoelectrodes
As discussed previously24, an important objective is to produce a nearly flat platinized
nanoelectrode by completely filling the nanocavity and without depositing significant excess of Pt
black.

Two protocols were reported for preparing platinized Pt nanoelectrodes by

electrodeposition of Pt.24 One of them employed the AFM to control the amount of deposited metal
and stop the deposition at the moment when the cavity is completely filled. Although precise and
reliable, this method is laborious and requires AFM instrumentation. The second, more practical
approach is based on monitoring the current during Pt deposition. It was shown that the rate of
the deposition process increases sharply when the cavity gets completely filled with metal. The
corresponding sharp increase in current can be used to detect the completion of the platinization.
Because AFM imaging of thin-wall carbon electrodes is difficult, we employed the latter approach
to control the platinization process.
The orifice radius of the carbon-filled pipette imaged by SEM before platinization (Figure 4.1A)
was ~80 to 90 nm. The steady-state voltammogram of ferrocenemethanol (FcMeOH) obtained at
this nanoelectrode (Fig. 4.1B, curve 1) shows the diffusion limiting current (id) of ~30 pA, from
which the effective disk radius (a = 100 nm) was calculated using Eq. (4.1) and assuming that the
carbon surface was flush with that of quartz insulator
id = 4FDac*

(4.1)
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where F is the Faraday constant, D = 7.8 × 10-6 cm2/s is the diffusion coefficient,15 and c* is the
bulk concentration of FcMeOH, respectively.
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Figure 4.1. Preparation of a platinized carbon nanoelectrode. (A) SEM image of the carbon-filled
quartz pipette before annealing. (B) Cyclic voltammograms of 1 mM FcMeOH in 0.1 M KCl
obtained at a carbon nanoelectrode before putting it in the oven (1), after annealing (2) and after
platinization at -100 mV vs. Ag/AgCl (3). v = 50 mV/s. (C) Current transient of the Pt black
deposition.

After this electrode spent ~10 s in a 400 C oven, the carbon surface recessed into the quartz
insulator, and the diffusion limiting current of FcMeOH measured in the same solution decreased
to ~8 pA (Fig. 4.1B, curve 2). The corresponding recess depth calculated from the ratio of limiting
currents is ~180 nm, according to Eq. (9b) in ref. 22. The diffusion current increased with time
during the platinization process (Fig. 4.1C) as the formed nanocavity was gradually filled with Pt
black.24 The process was stopped when the current reached the target value of ~40 pA. The
diffusion limiting current at the platinized electrode (curve 3 in Fig. 4.1B) was very similar to that
measured at the same electrode before annealing (curve 1), indicating that the right amount of Pt
black was deposited to fill the cavity without significant excess.
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Figure 4.2. Platinization of an incompletely filled carbon pipette. Cyclic
voltammograms of 1 mM FcMeOH in 0.1 M KCl were obtained at an open carbon
pipette before platinization (1), after first platinization (2), and after second
platinization (3) at -150 mV vs. Ag/AgCl. v = 50 mV/s. The inset shows current
transients obtained during the first (1) and the second (2) platinization.
A quartz pipette incompletely filled with carbon and, thus, having a cavity (or an open pass) inside
its narrow shaft can also be used to prepare a platinized nanoelectrode.

In this case, the

voltammogram of FcMeOH obtained before platinization (curve 1 in Fig. 4.2) exhibits two peaks
corresponding to oxidation and reduction of the mediator species within the nanocavity whose
walls are covered by conductive carbon layer.38 The existing nanocavity in this case was much
bigger than the one formed in Fig. 4.1, and a large carbon area exposed to solution resulted in
significant charging current. The electrodeposition time required to fill such a cavity with Pt black
was much longer (minutes). During the first platinization, the diffusion current did not increase
significantly (curve 1 in the inset), and the cavity was not filled completely. Accordingly, the
voltammogram of FcMeOH obtained after the first platinization (curve 2 in Fig. 4.2) still shows
small peaks and a very low steady-state limiting current. The sharp increase in the current at the
end of the second platinization transient (curve 2 in the inset) indicates that the cavity was
completely filled, as can be seen from the resulting well shaped steady-state voltammogram of
FcMeOH with a very low charging current and a much higher plateau current, corresponding to
essentially non-recessed Pt black surface (curve 3 in Fig. 4.2).
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Platinized nanoelectrodes as amperometric probes
Although the geometry of a platinized carbon probe cannot be as well defined as that of a polished
nanoelectrode, the high-quality steady-state voltammograms of FcMeOH (curve 3 in Fig. 4.1B and
curve 3 in Fig. 4.2) and other common redox mediators can be obtained at such electrodes. The
availability of stable diffusion current allowed us to use platinized probes as amperometric SECM
tips. An SECM current vs. distance curve obtained with a platinized carbon tip approaching an
insulating glass substrate (Fig. 4.3) was fitted to the theory for negative feedback (black line) 39
using the radius value (a = 680 nm) found from voltammetry and RG = 1.5 (RG is the ratio of the
insulating sheath radius to a) confirmed by optical microscopy.

Although platinized

nanoelectrodes are more likely to be used as potentiometric probes (see below) or sensors for
ROS/RNS than as regular SECM tips, obtaining an approach curve and establishing the distance
scale should facilitate the tip positioning and enable spatially resolved measurements in biological
cells.

Figure 4.3. SECM approach curve obtained with a platinized carbon tip approaching
an insulating glass substrate (symbols) and corresponding theory for the pure
negative feedback (solid line).39 Theoretical curve was calculated with a = 680 nm
and RG=1.5. Solution contained 1mM FcMeOH and 0.1 M KCl. The tip current was
normalized by the iT,∞ = 250 pA.
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Figure 4.4. (A) Cyclic voltammograms of 2 mM NaNO2 in PBS obtained at a ~50 nm
carbon electrode before (2) and after (1) platinization; and (B) corresponding calibration
curve. v = 50 mV/s.

The capacity of platinized carbon nanoprobes for detecting ROS and RNS is similar to that of
previously reported platinized Pt electrodes.24 For example, a voltammogram of nitrite (NO2-;
curve 1 in Fig. 4.4A) is comparable to those obtained previously with similarly sized platinized Pt
electrodes.24 Linear calibration curves were obtained from the families of such voltammograms
(Fig. 4.4B). In contrast, voltammograms of nitrite (curve 2 in Fig. 4.4A) and other ROS/RNS at
bare carbon nanoelectrodes are not analytically useful.
Potentiometry with platinized nanoelectrodes
As discussed in the literature, high surface resistance (low exchange current) of a nanoelectrode
can impair potentiometric measurements, especially at low sample concentrations. This limitation
is applicable to ion-selective membrane electrodes33,34 and metallic probes responding to changes
in redox and/or electrostatic potential.35 In Figure 4.5, the potentials of polished Pt (A) and
platinized (B) electrodes are plotted vs. the ratio of ferrocyanide and ferricyanide concentrations
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in solution. The potentiometric response of a ~100 nm radius polished electrode is generally nonlinear with most significant deviations occurring at a low (µM) concentration of either Fe(CN)4−
6
or similar radius (~100 nm) but much larger surface area (Fig. 4.5B) is linear with a slightly superNernstian slope of -66.9 mV. Unlike smooth polished nanoelectrodes, platinized probes should
be useful for intracellular potentiometric measurements.

Figure 4.5. Potentiometric response of (A) a ~100 nm radius polished Pt and (B) a ~100 nm
platinized carbon electrode. The concentrations of K4Fe(CN)6 and K3Fe(CN)6 in PBS were varied
between 5 x 10-6 M and 5 x 10-3 M.
Cell penetration and membrane potential measurements
With a very sharp tip and a small overall physical size, carbon nanoelectrodes can easily penetrate
biological cells. An example of cell penetration is shown in Fig. 4.6A. The experimental approach
curve fits the theory very well down to L = 0 at which the tip started to push the cell membrane.
Importantly, after this point the tip penetrated the cell over the distance of less than one tip radius.
This short distance corresponds to the relative ease of penetrating the membrane with a sharp
carbon tip.

75

normalized current

L

Figure 4.6. Approach and penetration of an MCF-10A cell with a carbon nanoelectrode. (A) PBS
solution contained 1 mM Ru(NH3)6Cl3. The approach velocity was 1 µm/s. a = 190 nm and
RG=1.5. The tip current was normalized by the iT,∞ = 16.8 pA. (B) PBS solution contained 1 mM
FcCH2OH. The 52 nm carbon tip was moved from the external solution (1) into the cell (2). The
inset shows the fit between the blown up final portion of the experimental curve (symbols) and the
theory (solid line) for the same tip approaching the bottom of the Petri dish. Theoretical curve was
calculated according to ref. 39.

Another noticeable point is that the current of the Ru(NH3)63+ reduction completely vanished inside
the cell. As discussed previously,20, 24 this indicates that the membrane forms a tight seal around
the nanotip that prevents the external solution from leaking inside the cell. Because a hydrophobic
species (e.g., FcMeOH20) can cross the cell membrane and enter the cytoplasm, the current of
FcMeOH oxidation did not decrease to zero when a 52 nm carbon cell penetrated the cell
membrane in Fig. 4.6B. A good quality current-distance curve in agreement with the negative
feedback theory was obtained when this tip approach the bottom of the cell, which was
immobilized on the insulating plastic surface (inset in Fig. 4.6B). This data demonstrates that
carbon nanotips are not affected by extensive surface fouling inside the cell and can be used for
quantitative voltammetric experiments.

An interesting feature in this approach curve is a

significant decrease in the tip current over the range of L values between ~1 and 2. This deviation
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is neither noise (it lasted for many seconds) nor is it due to the change in the tip response (which
continued to follow the theory at L < ~1). A plausible explanation is that the tip traveled through
some intracellular compartment with either higher viscosity or lower concentration of FcMeOH.
The potentiometric response of a platinized nanoprobe was recorded as a function of the
displacement in Figure 4.7. As long as the tip was in solution, relatively far from the cell, its
potential was essentially constant and stable within about ±1 mV. When the tip penetrated the
membrane, its potential abruptly shifted to less positive values corresponding to the negative
membrane potential of a mammalian cell. The potential shift of about -15 mV is within the range
of membrane potential values reported in the literature (e.g., -58.6 mV to -2.7 mV reported for
MCF-7 human mammary tumor cells in ref. 40). This result can only be considered as a
preliminary indication of feasibility of membrane potential measurements with platinized
nanoprobes.

Further experiments aimed at validating this approach are underway in our

laboratories.

Figure 4.7. Potential vs. distance dependence obtained with a platinized
carbon nanoprobe approaching and penetrating an MCF-10A cell in PBS
solution. The approach speed was 10 nm/s. The tip was moved from external
solution (1) into the cell (2).
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4.4 Conclusions
Platinized electrochemical sensors were prepared by electrodepositing Pt black on carbon
nanoelectrodes. An attractive feature of these electrodes that distinguishes them from previously
reported platinized Pt probes—their small physical size—is due to the different fabrication
procedure. Unlike Pt nanoelectrodes produced by pulling of a microwire into a glass capillary and
subsequent polishing,

8, 15

which normally yields a relatively thick insulating sheath, carbon

electrodes were fabricated by filling a pulled nanopipette with carbon via vapor deposition. With
a typical RG value for quartz nanopipettes between 1.1 and 1.541, the overall diameter of the probe
is only slightly larger than that of the platinized carbon core. Such small electrodes can be used to
measure intracellular potentials and detect ROS/RNS; they are sufficiently small to be inserted
into vesicles and other subcellular compartments.42
To attain essentially flat geometry of these probes, Pt black was deposited into a nanocavity inside
the carbon shaft. The methodology was developed for slowly etching carbon surface in the oven
at ~400C to make it recess into quartz insulator. The slow rate of etching allows one to control
the depth of the nanocavity by varying the annealing time and temperature. After checking the
recess depth by voltammetry, one can continue annealing to produce a deeper nanocavity. The
platinized electrodes obtained in this way are sufficiently well shaped to be used as amperometric
SECM tips. A “dual-mode” tip can be positioned near the sample (e.g., an immobilized cell) using
its amperometric feedback response and then used to make potentiometric measurements.
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Chapter 5. Direct Electrochemical Measurements of Reactive Oxygen and Nitrogen Species
in Non-Transformed and Metastatic Human Breast Cells
(This chapter has been published as “Y. Li, K. Hu, Y. Yu, S. Rotenberg, C. Amatore and M. V. Mirkin. Direct
Electrochemical Measurements of Reactive Oxygen and Nitrogen Species in Nontransformed and Metastatic
Human Breast Cells. J. Am. Chem. Soc. 2017, 139, 13055-13062.” Reproduced by permission of American
Chemical Society)

5.1 Introduction
Breast cancer presents the second highest rate of cancer mortality among women in developed and
overpopulated developing countries.1 Targeted therapies have been developed to achieve
remission of mammary carcinomas that overexpress receptors for estrogen, progesterone or human
epidermal growth factor (HER2).2,3 However, a very aggressive phenotype called triple-negative
human breast (TNHB) cancer displays neither hormone nor HER2 expression. This condition
usually correlates with poor clinical outcomes and high rates of recurrence.4 Attaining a better
understanding of the initial mechanisms of TNHB cancer is essential for the development of better
therapeutic alternatives and early diagnostics.
Oxidative stress5,6 is an important carcinogenic factor. It includes production of high levels of
reactive oxygen/nitrogen species (ROS/RNS) that overwhelm cellular radical-scavenging and
repairing systems. Those ROS/RNS species that impair cell homeostasis are thought to include
•
7
superoxide ion (O●–
2 ) and nitric oxide (NO ) whose reactions lead to a variety of follow-up species

that cause damage to DNA and proteins, and promote genomic instability. 8,9 Although tumor
progression is associated with high levels of ROS/RNS, further concentration increases can
overwhelm the cell’s antioxidant capacity and consequently trigger cell death. 10 Some breast
cancer therapies employ agents that induce intense oxidative stress11 or block certain pro-survival
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pathways.12

Therefore, oxidative species are becoming increasingly important not only as

markers, but also as therapeutic targets in treating breast cancer.
Our knowledge of the precise nature and content of ROS/RNS in normal and cancer cells is
incomplete due to their release through sudden bursts and their trace amounts.13 Poor chemical
specificity to different ROS/RNS and the lack of reliable quantification limit the usefulness of
traditional detection methods (e.g., fluorescence labeling 14 and Griess analysis15) for single cell
studies. Ultramicroelectrode measurements of oxidative bursts were used to characterize and
quantify primary ROS/RNS release in situ on the required time scale. 16,17 Further advances in
electrochemical detection of oxidative stress involved spatial and temporal imaging of cancer cells
by scanning electrochemical microscopy (SECM18) and detection of ROS/RNS global content
inside living cells.19-21
Biologically meaningful electrochemical measurement of intracellular ROS/RNS is only possible
if the cell’s integrity is preserved after the tip penetrates its membrane. Thus, the electrode
diameter (including conductive meal core and insulating sheath) must be on the submicrometer
scale both at the tip and a few µm away from it to ensure minimal membrane disruption and its
spontaneous re-sealing around the nanoprobe. The tip must also be sufficiently robust to prevent
physical damage or alteration of its electrocatalytic activity during penetration of the plasma
membrane. Here, we report the use of well-shaped platinized carbon nanoelectrodes as SECM
tips for controlled cell penetration. MDA-MB-231 and MDA-MB-468 TNHB cells were selected
as cancer cell models, while non-transformed human breast epithelial cells (MCF-10A) were used
as a control.22 The electrocatalytic sensitivity of the Pt-black tip and its selectivity for ROS/RNS17
allowed us to quantitatively monitor the production of each primary ROS/RNS (i.e., H 2O2, ONOO, NO• and NO–2 ) in real-time inside a single living cell.
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5.2 Experimental
Chemicals
Phosphate buffered saline (PBS, 10 mM Na2HPO4, 2.7 mM KCl and 137 mM NaCl, pH =7.4) was
prepared by dissolving tablets (2g; Sigma) in 200 mL deionized water (Milli-Q; Millipore Corp.)
and used as supporting electrolyte in all electrochemical experiments.

Ferrocenemethanol

(FcMeOH, 98%; Aldrich; sublimated before use) and hexaammineruthenium(III) chloride
(Ru(NH3)6Cl3, 99%; Strem Chemicals) served as redox mediators.

For in vitro ROS/RNS

detection, hydrogen peroxide (H2O2, 30 wt. %) and sodium nitrite (NaNO2, 99%) were obtained
from Sigma-Aldrich, and solutions were freshly prepared before experiments. Peroxynitrite
(ONOO-) solutions were prepared by diluting alkaline stock solution (40 mM NaONO 2 stored at 80°C; Cayman Chemicals) with pH 10 PBS. This pH value was systematically controlled by a pH
meter (Radiometer Analytical) after mixing PBS with 0.1 M NaOH. For nitric oxide (NO•)
detection, 50 mM DEA-NONOate was initially prepared in 0.01M NaOH and conserved in an
icebox for maximum 24 h before use. To initiate NO• release, minute aliquots of stock solution
were rapidly mixed with PBS buffer (pH = 7.4).
Preparation and platinization of carbon nanoelectrodes
Nanopipettes with the orifice radius (a) between 20 and 300 nm were pulled from quartz capillaries
(1.0 mm o.d., 0.7 mm i.d.), using a laser pipette puller (P-2000; Sutter Instruments). The long and
sharp tips with a thin quartz sheath (RG ~ 1.5, where RG is the ratio of the external pipet radius to
a) were employed for noninvasive membrane penetration. Carbon was deposited onto the inner
pipette wall by chemical vapor deposition (CVD) at 950°C, using methane as carbon source and
argon as protector. The carbon layer thickness and distribution was controlled by CVD time and
gas composition. In this work, the CVD time of 1 h and 1:1 methane to argon ratio produced
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nanoelectrodes with the carbon layer completely blocking the pipette channel and leaving a small
cavity adjacent to its tip. The cavity depth was equivalent to ~2 to ~50 pipette radii depending on
tip diameter and pipette geometry. Alternatively, the recess depth was adjusted by putting a
nanopipette completely filled with carbon in a 400 °C oven for a few seconds.
Platinizing solution contained 125

µL hexachloroplatinic acid (8 wt. %; Sigma-Aldrich) and 0.2

mg lead(II) acetate trihydrate (99.8%; Sigma-Aldrich) in 6.4 mL PBS. The carbon nanoelectrode
was biased to -130 ± 70 mV vs. Ag/AgCl reference in this solution using a BAS-100B
electrochemical analyzer (Bioanalytical Systems).

Slightly different potentials were used

depending on the initial recess depth to keep the deposition time close to 1 min. For the surface
activation process, five cycles voltammetry from 0 to -400 mV was applied to carbon
nanoelectrodes at faster scan rate (400 mV/s). If the current didn’t increase keeping scanning or
increase the reduction potential to -600 mV until the current started to increase. The deposition
rate increased with time, as the cavity depth decreased due to faster mass transport. The almost
complete cavity filling with platinum black was marked by the sharp increase in the slope of the
current-time curve; at this moment the deposition was stopped. The effective radius (a) was
evaluated from steady-state voltammetry. The a value was validated and the electrode geometry
checked by transmission electron microscopy (TEM), using a JEOL JEM-2100 instrument.
Electrochemical instruments and procedures
A two-electrode setup was employed with a platinized carbon nanoelectrode serving as a working
electrode and a 0.25-mm AgCl coated Ag wire used as a reference; all potentials are reported vs.
Ag/AgCl reference. The electrostatic discharge (ESD) protection23 was used during all steps of
the electrode preparation to prevent nanometer-scale damage to the tip. In vitro voltammetric
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experiments were performed at room temperature (22 ± 1°C) inside a Faraday cage with either a
BAS-100B electrochemical analyzer or an EI-400 bipotentiostat (Cypress Systems).
Cell culture
Midpassage MCF-10A cells were cultured in DMEM/F12 media (1:1) as described previously. 24
Breast cancer cell lines, MDA-MB-468 and MDA-MB-231 cells were grown respectively in RPMI
1640 medium and IMDM, supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin
and fungizone at 0.5 mg/ml. The medium, serum and antibiotics were purchased from Invitrogen
Life Technologies. All cell lines were maintained at 37°C with 5% CO 2 humidified atmosphere
(D-6450 incubator; Heraeus), and passaged at 1:8 ratio every 3-4 days.
24 hours before electrochemical experiments, cells were plated at 5-10% confluence in a 60-mm
tissue culture dish (Falcon) to obtain essentially isolated single cells. Just prior to the experiments,
adherent cells were rinsed and immersed in pH 7.4 PBS. To probe the effect of DAG-lactone, PBS
containing 10

µM DAG-lactone was used instead of culture medium.

Intracellular experiments
A plastic 60-mm culture dish with cells grown in monolayer was mounted on the horizontal stage
of Axiovert-S100 microscope (Zeiss) that was set on an optical table. A home-built SECM
instrument similar to that described previously21 was set on the same table, so that the electrode
tip position relative to the target cell membrane could be precisely monitored and its penetration
depth determined.
Three types of experiments were performed: (i) Approach curves (iT vs. d) were obtained by slowly
moving the tip (0.5

µm/s) vertically down to the cell surface and penetrating the cell. The ET

was sufficiently negative for the Ru(NH3)63+ reduction to occur at a rate governed by diffusion. To
avoid tip crashing, the process was monitored with a long-distance video microscope. (ii) Steady-
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state voltammograms were obtained by positioning the tip either inside or outside the cell and
sweeping the tip potential. (iii) Quadruple potential-step chronoamperometry13 was employed to
assess intracellular ROS/RNS concentrations. A sequence of potential steps (+300, +450, +620
and +850 mV) with the step duration of 5 s each was applied to the nanoelectrode positioned inside
a cell. The pre/postcalibration was performed by positioning the electrode far away from the cell
and similarly cycling its potential for 10 min before and after each experiment. The derived
baseline was then subtracted from the recorded response to yield the final chronoamperograms.
Cell viability was verified by trypan blue-exclusion experiments. Trypan blue solution (0.4%. v/v)
was added to the buffer in a 1:1 ratio. Because living cells pump out this dye, but dead cells do
not, dead cells appeared blue while live cells appeared uncolored after the tip was withdrawn from
the cell. In this way, MCF-10A cells were confirmed to be viable 1 – 2 hours after intracellular
electrochemical experiments.
5.3 Results
Preparation of platinized carbon nanoelectrodes and ROS/RNS measurement
The radius of the glass insulator in our previously reported metal nanoelectrodes was several times
that of the conductive metal core. 19,25 By contrast, carbon electrodes produced by CVD have a
much smaller RG (i.e., the ratio of glass radius to that of the carbon tip) of ~1.2-1.5.21,26 CVD
conditions were adjusted so that carbon completely blocked the pipette channel except for a small
cavity adjacent to the pipette orifice (Figure 5.1A; see Supporting Information (SI) for details,).
The radius of the nanocavity opening (a) was determined by the inner radius of the pulled quartz
nanopipette, and the recess depth (h) ranged from ~2a to ~50a radii.
To deposit Pt into the nanocavity, its surface was first activated by sweeping the carbon electrode
potential between 200 to -400 mV in a platinization solution containing 0.15% H2PtCl6 (Figure
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5.1C). This process resulted in gradually increasing reduction current (Figure 5.1C; the potential
cycle number increases from top to bottom).

Next, Pt-black deposition was carried out

potentiostatically at -80 mV (Figure 5.1D). The deposition rate was initially slow but steadily
increased with time as the cavity depth, h decreased.19,21 The deposition was stopped when the
sharp increase in the slope of the current-time curve indicated that the nanocavity was filled, as
can be seen in the TEM image of the platinized electrode (Figure 5.1B; hereafter we use the term
“platinization” in reference to filling the nanocavity with Pt-black).

Figure 5.1. Fabrication of platinized carbon nanoelectrodes. TEM images of the carbon-filled
pipette (A) before and (B) after platinization. (C) Initiation of platinization at recessed carbon
surface by sweeping potential from 200 to -400 mV in 0.15% H H2PtCl6 at a scan rate, v = 400
mV/s. Reduction current increases from the first cycle (top) to the fifth one (bottom). (D)
Platinization transient obtained by stepping the potential to -80 mV after initial platinization by
cyclic voltammetry. (E) Voltammograms of 1 mM FcMeOH in PBS at three different carbon
nanoelectrodes with similar radii, a ≈ 40 nm and RG ≈ 1.5, before (black, orange, and purple
curves) and after Pt-black deposition (green, blue, and red). v = 100 mV/s.
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After platinization, the electrodes were characterized by steady-state voltammetry of 1 mM
FcMeOH in PBS (Figure 5.1E, green, blue and red curves). In all three voltammograms, the
diffusion limiting current (𝑖 𝑇,∞ ) is around ~13 pA from which the effective radius (a ≈ 40 nm) was
derived using Eq. (5.1)
𝑖 𝑇,∞ = 4𝑛𝐹𝐷𝑎𝑐 ∗

(5.1)

where n is the number of transferred electrons (n = 1 for FcMeOH), F is the Faraday constant, D
and 𝑐 ∗ are the diffusion coefficient (7.8 × 10-6 cm2 s-1 for FcMeOH25) and bulk concentration of
redox species, respectively. The 40 nm radius value obtained from Eq. (5.1) is in good agreement
with that deduced from the TEM images (Figs. 5.1A, B).
H2O2 and NO–2 species—the end-products of ROS/RNS most stable in biological environments17—
were chosen here to evaluate the performance of platinized nanoelectrodes.

The oxidation

potentials of these species bracket the entire potential range of ROS/RNS of interest, and they
exhibit the strongest tendency to passivate electrode surfaces. 17 Bare carbon nanoelectrodes give
essentially no response to H2O2 and NO–2 (curves 1 and 2 in Figure 5.2A). By contrast, welldefined voltammograms of both species were obtained at the same carbon electrode after
platinization (curves 3 and 4 in Figure 5.2A) with the plateau currents at anodic potentials, ET ≥
~450 mV (H2O2) and ~850 mV (NO–2 ). Both anodic currents were stable and retained >90% of
their original values after two days and ca. 80% after one week of extensive use (Figure 5.2B).
Good quality steady-state voltammograms were obtained after background subtraction for a wide
range of H2O2 (Figure 5.2C) and NO–2 (Figure 5.2D) concentrations and yielded liner calibration
curves for both species (Figures 5.2E and 5.2F; calibration curves for the micromolar range are
shown in the insets). The concentration range (from ca. 0.5 µM to a few mM) matches very well
with

the

biologically

relevant

ROS/RNS

concentrations

expected

in

cancerous
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microenvironments.10,13,14 The sensitivities determined for the platinized nanoelectrodes are 1.07
pA mM-1 nm-1 for H2O2 and 0.98 pA mM-1 nm-1 for NO–2 .

A

4
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B

2
1
C

D
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F

Figure 5.2. Steady-state voltammetry of H2O2 and NO2 - oxidation at nanoelectrodes. (A)
Voltammograms of 1 mM H2O2 (curves 1 and 3) or NO2- (curves 2 and 4) in PBS at a ~100 nm
carbon electrode before (purple and green) and after (blue and red) platinization. (B) Stability of
the H2O2 (red) and NO2- (blue) limiting currents measured at platinized carbon nanoelectrodes. (CF) Families of voltammograms recorded at a 100nm platinized electrode and corresponding
calibration plots for H2O2 (C and E) and NO2- (D and F). The insets in (E) and (F) show calibration
curves for micromolar concentrations of the same species. v = 50 mV/s.
Cell penetration and viability check
A good fit between the experimental current vs. distance curve (symbols) and the theory for the
negative SECM feedback solid line was attained in Figure 5.3A with a platinized tip (a ≈80 nm)
approaching and penetrating an immobilized MCF-10A cell in PBS containing 10 mM Ru(NH3)63+
redox mediator.

The current-distance curve comprised three distinct regions. (The optical
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micrographs of the tip and the cell corresponding to these regions are shown in Figure 5.3B. At
longer separation distances (region 1), the experimental data fits the theory for negative feedback

Figure 5.3. Cell penetration with a platinized nanotip. (A) SECM approach curve obtained with
a tip (a = 80 nm; RG = 1.5) approaching an immobilized MCF-10A cell in PBS containing 10 mM
Ru(NH3)6Cl3. ET = -400 mV. The experimental data (symbols) is fitted to the theory for negative
SECM feedback (solid line). The tip/substrate separation distance (d) is normalized by a, and the
current is normalized by 𝑖 𝑇,∞ (Eq. 5.1). The approach velocity was 500 nm/s. (B) Optical
micrographs of the tip approaching the cell (1), penetrating the membrane (2) and inside the cell
(3); the corresponding numbers are shown in panel A. (C) Voltammograms recorded at the same
90

tip electrode before penetration (red; corresponding to region 1 in panels A and B) inside the cell
(yellow; corresponding to region 3 in panels A and B), and in solution after withdrawal from the
cell (green). The dashed curve is the voltammogram in aerated PBS solution containing no
Ru(NH3)6Cl3. v = 100 mV/s.
(solid line) because the cell membrane impermeable to hydrophilic Ru(NH3)63+ ions blocked the
diffusion of this redox species to the tip. 24,25 The experimental approach curve deviated from the
theory when the tip came very close to the cell membrane and began to push it (region 2; positive
d corresponds to the tip approaching the membrane; negative distances − pushing the membrane
and then penetrating the cell). When the tip penetrated the membrane (d/a ≈ -3.5), the current
dropped precipitously and continued to decrease slowly as the tip moved deeper into the cell
(region 3). This residual current is due to oxygen reduction, as can be seen from very similar tip
voltammograms in Figure 5.3C obtained inside the cell (orange curve) and in aerated PBS
containing no Ru(NH3)63+ (dashed black curve). The two similar voltammograms of Ru(NH3)63+
in PBS measured before (red curve in Figure 5.3C) and after (green) withdrawing the tip from the
cell indicated that the nanotip experienced no significant damage or fouling during the cell
penetration. By contrast, protruding Pt-black films deposited on flat carbon nanoelectrodes were
badly damaged or completely lost during cell penetration (data not shown).
The effect of tip size on cell penetration is shown in Figure 5.4A very small tip (a ≈ 20 nm; blue
curve in Figure 5.4A) easily punctures the membrane, as can be seen from the sharp transition
from the negative feedback response due to the Ru(NH3)63+ reduction in solution to the small
oxygen reduction current inside the cell.

With a larger tip (a ≈ 150 nm; green curve in

Figure 5.4A), the membrane is bent significantly in the course of penetration that corresponds to
the tip displacement of ~0.5 µm. This effect is even more pronounced with a 300-nm-radius tip
(orange curve in Figure 5.4A). The approach curves obtained in three successive penetrations of
the same cell were almost indistinguishable with a 20 nm tip (panel i in Figure 5.4B) and quite
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similar with a 150 nm tip (panel ii in Figure 5.4B), suggesting that no significant damage occurred
either to the membrane or the nanoelectrode. Accordingly, the trypan-blue exclusion experiment
showed that cells penetrated by the 20 nm (inset 1 in Figure 5.4C) and 150 nm (inset 2) tips
excluded the dye (due to active membrane transport proteins) signifying the integrity of the
membrane and cell viability. However, cells penetrated by a 600-nm-radius tip (inset 3) retained
the dye, demonstrating extensive membrane damage. This may be due to the metallic nature of
Pt-black nanoelectrodes since cell biologists have used similarly sized pipettes to penetrate cells
without loss of vitality. Anyway, below we avoid using electrodes with a > 300 nm.

B

A

ii

i

C
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2
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20 µm

Figure 5.4. Cell viability in SECM penetration experiments and the effect of the tip size. (A)
Approach curves to MDA-MB-231 cells obtained with different platinized tips; a, nm = 20
(purple), 150 (green) and 300 (yellow). (B) Approach curves obtained during the 1st (blue), 2nd
(green) and 3rd (yellow) penetration of the same cell with a 20 nm (i) or 150 nm (ii) radius tip. In
all panels, the black curve is the theory for the negative SECM feedback. (C) Cell viability check
by trypan-blue exclusion experiment. The insets show 20 nm (1), 150 nm (2) and 600 nm (3) radius
tips inside the corresponding cells. For other parameters, see Fig. 5.3.
ROS/RNS characterization and quantification in single cells
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We used platinized carbon nanoelectrodes to characterize and quantify intracellular ROS/RNS in
three cell models, i.e., MCF-10A non-transformed human breast epithelial cells and two metastatic
breast cancer cell lines, MDA-MB-468 and MDA-MB-231 cells to quantitatively probe their
individual capacities to generate ROS/RNS.
In the first series of experiments, a 40-nm radius nanoprobe was inserted into a cell and its potential
was scanned over the range where the primary ROS/RNS (H2O2, ONOO-, NO• and NO2-) are
expected to give rise to anodic waves (Figure 5.5B).17 The resulting voltammograms (Figure 5.5A)
showed the highest oxidation currents for the most aggressive phenotype MDA-MB-231 (red
curve), lower but distinctly noticeable currents for less aggressive MDA-MB-468 cancer cells
(blue curve), whereas the current generated by non-transformed MCF-10A cells (green curve)
remained almost undistinguishable from background (black curve).
Figure 5.5C shows two current vs. tip displacement traces obtained by moving a ~80 nm tip
downwards into a MDA-MB-231 cell. The two curves obtained at ET = 450 mV (black curve) and
850 mV (red curve) were aligned over the displacement axis by matching the positions of the tip
penetration in each case (determined from the Ru(NH3)63+ reduction current drop; data not shown).
The stable response at 450 mV is mostly due to ROS (O2•- and H2O2), while at 850 mV RNS
(ONOO-, NO• and NO–2 ) are also oxidized (Figure 5.5B). ROS gave rise to small currents inside
the cell that do not differ significantly from those measured in the extracellular space; but RNS
produced a rapid sequence of intense current bursts when the tip travelled inside the cell. These
bursts were likely caused by mechanical stimulation of the mitochondrial or enzymatic pool
sources by the advancing tip.27,28 To avoid this issue, the intracellular ROS/RNS production was
measured with the nanotip at a resting position inside the cytoplasm using a previously developed
amperometric method29 to differentiate between the four ROS/RNS and follow their time93

dependent concentrations. The individual contributions of H 2O2, ONOO-, NO• and NO –2 were
extracted by repetitively pulsing the potential of the platinized tip through a sequence of four
specific values (300, 450, 620 and 850 mV; see SI). The variations of current vs time plots
recorded at these potentials over ~15 min are shown in Figure 5.5D. Current variations are
reported relative to their initial values at the moment when the nanotip was already inserted into
the cell cytoplasm; so that i = 0 pA at t = 0 s for all four plots. Analysis of this data using Eqs.
(S5.5-S5.8) in SI yielded individual currents due to oxidation of different ROS/RNS from which
the time-dependent concentrations of each primary ROS/RNS species (Figure 5.5E) were derived
according to Eq. (5.1), thus providing analytical selectivity. (One should note that n = 2 for the
oxidations of H2O2 and NO –2 electrons, while n = 1 for ONOO- and NO•;17,28 all diffusion
coefficients were taken to be 1.5 x 10-5 cm2/s.30 Finally, the variations of the concentrations in
Figure 5.5E were used to evaluate the production rates of O2•- and NO• (Figure 5.5F).
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Figure 5.5. Intracellular detection of ROS/RNS. (A) Voltammograms recorded inside MDA-MB231 (red), MDA-MB-468 (blue), and MCF-10A (green) cells compared to the extracellular buffer
background (black). v = 100 mV/s. (B) Normalized oxidation voltammograms of H2O2 (red curve, 1
mM, pH~7.4), ONOO- (purple curve, 1 mM, pH~10), NO• (green curve, 1 mM of NO• DEA-NONoate
donor,28 pH≈7.4), and NO2- (blue curve, 1 mM, pH≈7.4). Voltammograms were recorded at different
platinized tips with a ≈ 100 nm and normalized by their plateau currents. Vertical dashed lines indicate
optimal
detection
potentials
for
each
ROS/RNS
species.
(C) Current vs. tip displacement recordings at 450 mV (black curve) or 850 mV (red curve) obtained
with the tip approaching and travelling inside a MDA-MB-231 cell. The blue vertical line indicates
the point at which each tip penetrated the cell. (D) Variations of the tip currents vs time dependences
measured inside a MDA-MB-468 cell by quadruple potential-pulse chronoamperometry at ET, mV =
300 (blue), 450 (orange), 620 (grey) and 850 (yellow). a = 300 nm. (E) Time variations of the H 2O2,
ONOO-, NO• and NO2- concentrations deduced from the currents shown in D and reported relative to
their values at t = 0. (F) Time variations of the production rates of O2•- (blue) and NO• (red) precursors
of the four ROS/RNS shown in E. The dashed horizontal lines are the mean production rates.

ROS/RNS production in cancer initiation
ROS and RNS are known to play an essential role in carcinogenesis initiation in many tissues,
including human breast models. The oxidative release in a variety of human breast cancers is often
accompanied by expression of protein kinase C (PKC). PKC activity is represented by a family
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of ten structurally-related, redox-active isoforms that are associated with several processes in
breast cancer development.24,31 Increased activation of PKC has also been shown to drive the
proliferative and invasive properties of several cancers.32,33 Although oxidative stress can upregulate PKC catalytic activity through interactions of its cysteine thiols, it remains unclear
whether ROS/RNS stress is the cause or the result of PKC catalytic activity. 34 In non-transformed
cells, activation of PKC activity occurs as the result of extracellular signaling through membrane
growth factor receptors that in turn stimulate the formation of diacylglycerol (DAG), a prominent
physiological activator of several PKC isoforms. 34
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Figure 5.6. Oxidative stress detection in an MCF-10A cell treated with DAG-lactone. (A) Optical
images of two immobilized MCF-10A cells in PBS before (1,3) and 30 min after adding DAGlactone dissolved in DMSO (2) or an equal volume of DMSO (0.1% v/v) (4). (B) Current
recordings at the 40 nm platinized tip inside an MCF-10A cell treated with DAG-lactone (green
curve) or with DMSO (black curve). ET = 850 mV.
Here, the effect of PKC activation on ROS/RNS production in breast cells was investigated by
treating MCF-10A cell cells with diacylglycerol-lactone (DAG-lactone), a membrane-permeable
analogue of DAG that induces activation of PKC

and possibly other DAG-sensitive PKC
97

isoforms.31,35 A 40 nm radius platinized tip was inserted into a MCF-10A cell (Figure 5.6A) to
monitor the intracellular ROS/RNS oxidation current (Figure 5.6B). Addition of either DAGlactone (in DMSO) to a final concentration of 10

M (panels 1 and 2 in Figure 5.6A, and green

trace in Figure 5.6B) or an equal volume of DMSO (0.1% v/v) (panels 3 and 4 in Figure 5.6A,
and black trace in Figure 5.6B; control experiment) was made to cell monolayers immersed in
PBS. In agreement with the data in Figure 5.5A, no measurable ROS/RNS oxidation current could
be detected during the first ~25 min following cell treatment with either DAG-lactone or pure
DMSO (green and black curves in Figure 5.6B, respectively; both recordings are shown starting
15 min after the addition of DMSO to PBS). A long series of intense oxidative stress bursts appears
about 25 min after treatment with DAG-lactone (green curve in Figure 5.6B), while no similar
spikes were recorded in control experiments, black curve). These results are in agreement with
the previous finding that the mean time required for DAG-lactone to activate PKC is ca. 25 min.34
Comparison of the optical micrographs (panels 1 and 2 in Figure 5.6A) reveals the formation of
numerous intracellular vacuoles within 30 min after DAG-lactone treatment, whereas such effects
were

not

observed

in

the

control

experiment

(cf.

panels

3

and

4

in

Figure 5.6A).
5.4 Discussion
Different carbon electrodes produced by CVD of carbon into similar pre-pulled quartz pipettes
(either with or without subsequent carbon etching) had different recess values, as evidenced by
different diffusion currents of FcMeOH before platinization (cf. pink, orange, and black curves in
Figure 5.1E). The same electrodes after platinization yielded very similar 𝑖 𝑇,∞ (cf. red, blue, and
green curves in Figure 5.1E), suggesting that our fabrication protocol yields nearly flat disk-type
platinized nanoprobes with the radius, a, determined by the internal radius of the pre-pulled quartz
pipette. Thus, Eq. (5.1) was used to determine the ROS/RNS concentrations from their diffusion
limiting oxidation currents monitored with a given nanoelectrode.
The small physical size of the pipette-based tips is a major advantage over glass-sealed
nanoelectrodes whose much thicker insulator caused rapid death to penetrated macrophages. 19 The
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absence of the Ru(NH3)63+ reduction wave at the tip inside the cell (Figure 5.3C) demonstrates that
the cell membrane sealed tightly around the wall of the tip electrode following penetration, thereby
preventing leakage of the external solution into the cell. 25 Although membrane penetration is
especially easy and reproducible with the smallest tips (e.g., a = 20 nm; Figure 5.4A), satisfactory
reproducibility in multiple penetrations of the same living cell was attained with much larger (e.g.,
80 - 300 nm) tips used in this work and, importantly, the cells remained alive for at least 1 h in all
cases. In the trypan blue-exclusion experiment, only the insertion of a much larger tip (a = 600
nm in Figure 5.4C, inset 3) caused the cell to lose its viability and stop pumping out the dye. While
smaller probes are less likely to damage the cell membrane, larger platinized tips yield a much
stronger analytical signal. In amperometric pulse experiments (Figure 5.5D), convincing
separation of the signals produced by different ROS/RNS was only possible with larger
nanoelectrodes (e.g., a >100 nm). Also, a nanoelectrode probes the analyte concentration within a
near-spherical volume with the radius a few times its own radius.36 In the non-homogeneous
intracellular environment, an electrode may not probe the ROS/RNS concentrations on a scale
significantly larger than its own radius. Therefore, the optimal size of the nanotip must be chosen
in consideration of the desired scope of the experiment; e.g., a smaller tip to be employed for
probing local ROS/RNS dynamic concentrations (a =80 nm; Figure 5.5C), and a larger electrode
used to report on their global production in the whole cytoplasm (a=300 nm; Figures. 5.5D-F).
The data in Figure 5.5A suggests a strong correlation between the intracellular production of
ROS/RNS and breast cell malignancy and provides information about the nature of those species.
The total ROS/RNS content was markedly higher in more aggressive MDA-MB-231 metastatic
cell (red curve). One should notice that the insertion of the electrode and electrogeneration of
chemical species at its surface (e.g., NO+ produced via 1e-oxidation of NO•

28

) can induce
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intracellular physical and chemical stress to which the cell reacts by producing ROS/RNS.
Therefore, the present method quantitatively assesses the intrinsic ability of each cell type to
generate ROS/RNS rather than normal intracellular concentrations of these species.
The measured tip current is very low at ET <400 mV (Figures 5.5A,C), indicating no detectable
production of H2O2 (viz., < 1 µM) whose oxidation starts at ~200 mV (Figure 5.5B). If the
superoxide radicals are produced, they apparently disappear through some faster process than their
disproportionation into H2O2. Thus, the oxidative environment in MDA-MB-231 cells is largely
due to the production of NO• and of its follow-up RNS derivatives that may contribute to the
malignant state, as suggested previously for human breast cancer cells37 and MG63 osteosarcoma
cells.27 The high level production of RNS (10 - 50 µM) was further confirmed by two
amperometric traces in Figure 5.5C recorded by a nanoelectrode moving vertically inside the
cancer cell cytoplasm. The 80-nm-radius tip used in Figure 5.5C could oxidize redox species
present within ca. 0.4-µm-radius concentric sphere on the time scale of a few microseconds, 36 i.e.
much shorter than that corresponding to its rate of displacement (500 nm/s). Therefore, the current
spikes observed at ET = 850 mV (but not at 450 mV) represent the sequential bursts of RNS
produced near the tip while it moved inside the cell cytoplasm. Since no such bursts were recorded
at a stationary tip, we speculate that the traveling nanotip perturbed a series of RNS-abundant
sources, presumably mitochondria. Figures 5.5A and 5.5C suggest that both MDA-MB-231 and
MDA-MB-468 metastatic cells generate significantly more reactive species than do non-cancerous
MCF-10A breast cells, and that most of the oxidative stress components are RNS rather than ROS.
The higher levels of reactive species noted for MDA-MB-231 compared with MDA-MB-468 cells
may be a reflection of their different PKC isoform expression profiles. 38
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The time variations of ROS and RNS oxidation currents within a MDA-MB-468 cell were
measured at different potentials by the four-pulse amperometric method (Figure 5.5D) and
converted to concentration vs time dependences (Figure 5.5E; SI). The four ROS and RNS in
Figure 5.5E stem from the initial production of O2•- and NO• by specific enzymes (NADPH
oxidase, NADH oxidase, constitutive or inducible NO synthases) and mitochondria 7,17,39,40 (Figure
5.8). The production rates of O2•- and NO• were estimated from the time-dependent concentrations
of the four ROS/RNS in Figure 5.5E based on the stoichiometries of their formation. From Figure
5.5F one can see that the mean production rate of O2•- (~35 nM/s) by a MDA-MB-468 cell is <50%
of that of NO• (~90 nM/s). Apart from the strong bursts at ca. 200-300 s, whose origins have yet
to be understood, the former rate is quite stable, while the latter shows strong variations every 30
to 50 s. The intracellular production of RNS in breast cancer cells apparently proceeds through a
series of bursts whose main outcome is the global production of ONOO- and NO•. These species
are common to cancer cells.27,37
The combination of the O2•- production rate, which is much lower than that of NO•, with the ratio
of the H2O2 and ONOO- formation rate constants (kH2O2/kONOO- ≈ 0.125;40,41 ) explains why the
measured intracellular concentration of hydrogen peroxide was low in comparison to that of RNS.
The predicted rate of H2O2 production is 20 times lower than that of ONOO -. Most of the produced
O2•- radicals react with NO• rather than disproportionate into H2O2, and the remaining excess of
NO• accumulates inside the cell (~55 nM/s) in agreement with the data in Figure 5.5E.
When PKC was activated by DAG-lactone in a MCF-10A cell (Figure 5.6), the nanotip was
stationary inside the cytoplasm. Therefore, the observed series of current spikes is not due to
sequential mechanical stimulation, but rather to the bursts emitted periodically inside the
cytoplasm. Thirty min after DAG-lactone treatment, the cells displayed numerous intracellular
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vacuoles (compare Figures 5.6A-2 to control in Figure 5.6A-4) indicative of the onset of an
inflammatory process that is known to be a predictor of malignant transformation and cancer
initiation. The stimulated PKC activity induced intense oxidative stress conditions in MCF-10A
cells, in which the basal concentrations of ROS/RNS are too low to measure (e.g., < 1 µM in Figure
5.5A, according to Eq. 5.1). It is possible that, to some degree, our measurements reflect certain
morphological changes and ionic strength variations taking place in the cell as a consequence of
DAG-lactone treatment. For example, the vacuole formation observed here with DAG-lactone is
known to occur in cells (including human breast MCF-7 cells) following treatment of cells with
phorbol ester, a widely used PKC activator. Under these conditions, vacuole formation was
attributed to lysosomal swelling, and was a possible prelude to apoptosis 42. Because signals
occurred in a specific range of electrode potentials, it is unlikely that a nearby vacuole interfered
with the tip since this would have had a non-specific effect over a wider range of potentials. The
presented data provides unambiguous evidence of the intracellular global production of ROS/RNS
initiated by activation of PKC.
It is interesting to compare the above experiments to those reported in the earlier SECM study, 25
where similarly sized Pt nanoelectrodes were inserted into normal and cancerous breast cells.
Although, one could expect the same biological, chemical, or morphological changes at the
membrane surface to occur in ref. 25, no significant current spikes, increasing intracellular redox
concentrations or other aforementioned effects were observed. These major effects are only due
to the ROS/RNS production measured here by contract to the oxidation/reduction of
ferrocenemethanol mediator monitored in Ref. 25.
Quantification of four simultaneously present ROS/RNS
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The potentials suitable for independent quantification of H 2O2, ONOO-, NO• and NO –2 were
determined from in vitro steady-state voltammograms recorded at the platinized nanoprobes in
standard solutions of each of these species (Figure 5.5B). Except for ONOO- (detected at pH ~10
for chemical stability reason 1), all other solutions were prepared at physiological pH 7.4. It was
checked that the electrochemical oxidation of ONOO- is pH-independent in slightly alkaline
conditions 28 (data not shown). The four optimal potentials (+300, 450, 620, 850 mV vs. Ag/AgCl)
shown by the vertical dashed lines in Figure 5.5B represent a compromise between being close to
the potential range corresponding to the diffusion limiting current for each species and minimizing
the potential-dependent contributions of other species to the measured current. Because the
currents produced by all species oxidizable at a given potential are additive, one obtains from
Figure 5.5B:
𝑖850 𝑚𝑉 = 𝑖𝐻2 𝑂2 + 𝑖𝑂𝑁𝑂𝑂 − + 𝑖𝑁𝑂 ∙ + 𝑖𝑁𝑂2−

(5.2)

𝑖620 𝑚𝑉 = 𝑖𝐻2 𝑂2 + 𝑖𝑂𝑁𝑂𝑂 − + 𝑖𝑁𝑂 ∙

(5.3)

𝑖450 𝑚𝑉 = 𝑖𝐻2 𝑂2 + 0.9 𝑖𝑂𝑁𝑂𝑂 −

(5.4)

𝑖300 𝑚𝑉 = 0.69 𝑖𝐻2𝑂2

(5.5)

where ipotential is the total current measured at the indicated potential (vs Ag/AgCl), and ispecies
corresponds to the individual limiting currents of each species. This allows extracting the
individual limiting current responses measured for each species by solving the above system of
linear equations
𝑖𝑁𝑂2− = 𝑖850 𝑚𝑉 − 𝑖620 𝑚𝑉

(5.6)

𝑖𝑁𝑂 ∙ = 𝑖620 𝑚𝑉 − 1.11 𝑖450 𝑚𝑉 + 0.16 𝑖300 𝑚𝑉

(5.7)

𝑖𝑂𝑁𝑂𝑂 − = 1.11 𝑖450 𝑚𝑉 − 1.61 𝑖300 𝑚𝑉

(5.8)

𝑖𝐻2 𝑂2 = 1.45 𝑖300 𝑚𝑉

(5.9)
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One should notice that the selected potentials and the formulas in Eqs. (5.6-5.9) are slightly
different from those used previously to treat the results obtained at platinized carbon fiber
microelectrodes 13,17,29 because of slight variations in electrocatalytic properties of Pt-black due to
the different geometry, morphology, confinement and other properties of the nanoscale deposits.
Rates of ROS/RNS Production from Analysis of the Amperometric Data (Figs. 5.5D – 5.5F)
The sequential amperometric pulse measurements (Figure 5.5D) were performed to monitor the
production of each of the four ROS/RNS (Figure 5.5E) and infer from these data the rates of
production of superoxide ion and nitrogen monoxide reported in Figure 5.5F. The applied
potential pulse sequence js shown in Figure 5.7. To correct the raw amperometric current data for
the baseline drift, the initial values (it=0) were subtracted from the Faradaic currents recorded at
each potential. Therefore, the plots in Figures 5.5D, E report variations in currents and
concentrations relative to their initial values at t = 0. The 300-nm-radius electrode needed <50 µs
to attain its steady state current and produced a spherical diffusion field with a few µm radius36,44
comparable to the cell dimensions. This ensured that at the end of each 5 s long potential step such
a nanoelectrode could report on the average intracellular concentrations of the ROS/RNS
oxidizable at a given potential without perturbing them excessively beyond a volume of ca. 1.5
µm radius centered on its tip.36,44,45 The currents were sampled at the end of each 5 s long potential
steps in order to minimize the charging current effect 44, as seen in Figure 5.7.
The original set of amperometric data included currents taken at different time moments (0, 5, 10
and 15 s) for each potential during one 20 s period of the applied sequence. In order to apply Eqs
(5.6-5.9), linear interpolations between two successive data points of each series were used to
generate currents at 20 intermediate times. Thus, the current values shown for each potential in
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Figure 5.5D correspond to the same time values. Direct application of Eqs (5.6-5.9) to the ensuing
data series led to the results shown in Figure 5.5E for each ROS/RNS production.
As shown in Figure 5.8, NO2- is an end-product formed in the slow reaction between NO• and O2
or by the comparatively faster decomposition of ONOO-. ONOO- is produced by diffusion-limited
coupling of NO• and O2•- (kONOO- ≈ 2x1010 M-1s-1).40 Hence, its production involves a 1:1
stoichiometry in NO• and O2•- and so does by extension that of NO2-. H2O2 is the product of the
two-step disproportionation of O2•-. In living cells this reaction is efficiently catalyzed by
superoxide dismutase (SOD), so at physiological pH, kH2O2 ≈ 2.5x109 M-1s-1.46

Figure 5.7. Measured current (bottom, solid line) resulting from a repetitive sequence of potential
steps (top) applied to a platinized carbon nanoelectrode. The series of four dashed lines are the
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best fits taking into account the mean current near the end of each step (see text). From bottom to
top: +300, +450, +620, and +850 mV versus Ag/AgCl, respectively.

Figure 5.8. Chemical relationships between the four primary ROS/RNS detected in this work
and their precursors, O2•- and NO• .17,39,40
The time-variations of the rates of production of superoxide ion and nitrogen monoxide in Figure
5.5F were calculated from the data in Figure 5.5E. The two time series of data points were derived
by weighted-summations of the production rates of the four ROS/RNS according to their
stoichiometries and numerical differentiation. To minimize the artifacts due to the intrinsic
experimental noise and that introduced by the linear interpolation procedure, the production rates
of the four ROS/RNS were determined from the variations of the relative time-dependent
concentrations in Figure 5.5E after filtering them numerically using an unweighted-slidingaverage method that replaced each point in the series with the average of its value and those of the
10 adjacent points located on each side of it in the series. The negative apparent production rates
in Figure 5.5F stem from the assumption that O2•- and NO• are entirely converted into the detected
primary ROS/RNS species (Figure 5.8). Hence, any unaccounted decomposition path of these
ROS/RNS due to specific metabolic reactions (e.g., H2O2 or HNOO- decomposition by
catalase47,48) or to the tip electrolysis can result in an apparent negative production rates of O2•and NO•. The sudden decrease of the NO•, HNOO- and NO2- concentrations at ca. 350 s in Figure
5.5E suggests that such decomposition paths exist. Therefore, the absolute magnitudes of the O 2•106

and NO• fluxes given above should be treated with some caution and considered as minimum
production rates. For a 10 µm radius hemispherical cell (viz., 1 pL volume; Figure 5.4C), the
measured average production rates correspond to ca 20,000 molecule/s of O 2•- and 55,000
molecule/s of NO.
5.5 Conclusions
We used platinized carbon nanoelectrodes as SECM tips to penetrate living cells and
independently measured local concentrations and fluxes of four ROS/RNS (hydrogen peroxide,
peroxynitrite, nitrogen monoxide and nitrite ion) for the first time. Our experiments with normal
breast cells (MCF-10A) and metastatic cancer cells (MDA-MB-231 and MDA-MB-468) showed
strong correlation between intracellular ROS/RNS production and metastatic activity. In cancer
cells, large amounts of RNS were produced in sequential bursts. In non-transformed breast cells,
the ROS/RNS concentrations were too low to measure.

However, intense oxidative bursts

occurred after these cells were treated with DAG-lactone to activate PKC, underscoring the
connection between PKC and oxidative stress. In view of the complexity of the intracellular
environment, one cannot rule out that some aspects of the measured signals arise from non-redox
events. Platinized nanoelectrodes are a suitable analytical platform for studying ROS/RNS-related
carcinogenesis and are potentially useful for early diagnostics of aggressive TNHB tumors. In
addition to cytoplasm detection, use of small and sharp probes offers a means to quantify
ROS/RNS in biological vesicles43 and other subcellular compartments.
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Chapter 6. Electrochemical Measurements of Reactive Oxygen and Nitrogen Species inside
Single Phagolysosomes of Living Macrophages
(This chapter has been published as “K. Hu, Y. Li, S. Rotenberg, C. Amatore and M. V. Mirkin. Electrochemical
Measurements of Reactive Oxygen and Nitrogen Species inside Single Phagolysosomes of Living Macrophages, J.
Am. Chem. Soc. 2019, 141, 4564-4568.” Reproduced by permission of American Chemical Society)

6.1 Introduction
Macrophages are essential in protecting our organism by destroying microorganisms, pathogens,
mutated cells and biological debris. This process, termed phagocytosis, involves the release of
reactive oxygen and nitrogen species (ROS/RNS) within phagolysosomes. 1-3 These specialized
vesicles form inside activated macrophage’s cytoplasm through the merging of phagosomes4 with
lysosomes.1-3 Phagosomes are endocytotic vesicles that form when an activated macrophage
engulfs living or inert particles to be digested.

While transporting their cargo inside the

macrophage cytoplasm5-7 they collide and fuse with lysosomes, another kind of intracellular
vesicle that contain specific active enzymatic pools whose cumulative action results in
decomposition of most biomolecular entities. 5-12 This process forms a phagolysosome, the active
vesicle in which the cargo brought by the phagosome is ultimately digested by Fenton-like
oxidative radical chain reactions initiated by ROS/RNS. 13-15
The ROS/RNS content of extracellular release from macrophages stimulated by IFN-γ/LPS has
been analyzed and quantified using platinized carbon microelectrodes. 16,17

The previously

disputed intra-phagolysosomal generation of femtomolar amounts of superoxide ions and nitrogen
monoxide was verified by measurements of peroxynitrite ions whose formation under these
conditions may only occur through the diffusion-limited coupling of NO with O2•-.18 Interestingly,
when a platinized nanoelectrode was inserted into an activated macrophage cytoplasm, no
significant concentrations of ROS/RNS could be detected. 10 This confirmed that the generated
ROS and RNS could not spill inside macrophages cytoplasm, and indicated that direct dynamic
110

measurements of ROS/RNS inside phagolysosomes are needed to improve our understanding of
phagocytosis.
Quantitation of various analytes in single organelles19 and biological vesicles, such as synaptic
vesicles20 and lysosomes,21 is a major bioanalytical challenge.22 The first attempt at analyzing the
global content of primary ROS/RNS (H2O2, ONOO-, NO• and NO2–) inside phagolysosomes was
made with platinized SiC@C core-shell nanowires inserted inside IFN-γ/LPS-stimulated RAW
264.7 macrophages.23 The ROS/RNS were oxidized at the platinized nanotip after spilling from
phagolysosomes when they collided with the Pt-coated nanowire. In addition to providing an
estimate of the total amount of ROS/RNS in a phagolysosome (a few tens of thousands of
molecules), these experiments unexpectedly showed that this quantity is highly variable.
However, without sufficient electrochemical resolution, it was impossible to evaluate the amount
of each of the four primary ROS/RNS.
Small and sharp nanoelectrodes were prepared by platinizing carbon nanopipettes and used as
SECM tips to measure time-dependent production of different ROS/RNS inside non-cancerous
and metastatic human breast cells.24 and their dependence on the malignant status of the cell lines.
Here we employ smaller electrochemical probes (with < ~100 nm tip radius) for probing the realtime dynamics of H2O2, ONOO-, NO• and NO2– production by large phagolysosomes with highly
specific catalytic activity towards the oxidation of each of these primary ROS/RNS. 16,17,24 This
data is used to elucidate the intra-phagolysosomal production of the parent superoxide ions and
nitrogen monoxide species.

6.2 Experimental
Chemicals
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Murine interferon-γ (IFN-γ; specific activity 2 ×107 units ·mg-1) was provided by R&D systems.
Escherichia coli lipopolysaccharide (LPS) and FcMeOH, Ru(NH3)6Cl3 and KCl were from Sigma.
Unless otherwise stated, phosphate-buffered saline (PBS) was used in all experiments. PBS (pH
7.4) was prepared by dissolving commercial tablets (Sigma) in purified water. All solutions were
prepared with purified water from a Milli-Q purification system (resistivity 18.2 MΩ·cm-1;
Millipore).
Cell culture and activation
The murine macrophage RAW264.7 (ATCC, Manassas, VA) cell line was cultured at 37 ºC under
a 5% CO2 atmosphere (D-6450 incubator; Heraeus) in Dulbecco’s modified Eagle’smedium
(DMEM) containing 1.0 g/L glucose and sodium pyruvate supplemented with 10% fetal bovine
serum, 1% penicillin/streptomycin. The medium, serum and antibiotics were purchased from
Invitrogen Life Technologies.
18 to 24 h before electrochemical studies, RAW264.7 cells were transferred at 5-10% confluence
in a 60-mm tissue culture dish (Falcon) to obtain essentially isolated single cells. 12 hours before
electrochemical experiments, the culture medium was replaced with DMEM with the addition of
IFN-γ (20 units/mL) and LPS (50 ng/mL) to induce the expression of the inducible isoform of
nitric oxide synthase (iNOS). Just prior to the experiments, adherent cells were rinsed with PBS
at pH 7.4 and, when it mattered, immersed in PBS at pH 7.4 or in 10mM or PBS at pH 7.4
containing 20mM Ru(NH3)6Cl3.
Intracellular experiments
A plastic 60-mm culture dish with isolated living cells was mounted on the horizontal stage of
Axiovert-S100 microscope (Zeiss) that was set on an optical table.

A home-built SECM

instrument similar to that described previously25 was set on the same table, so that the tip position
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relative to the target cell membrane could be precisely monitored and its penetration depth
determined.
Platinized carbon nanoelectrodes were moved vertically at 0.5 µm/s down to the living cell surface
so that the platinized tip first penetrated through the macrophage membrane and then through the
phagosome membrane. To avoid tip crashing, the whole process was monitored under an inverted
microscope. The tip-cell distance was determined as in SECM (negative feedback) by setting the
tip potential on the plateau of the Ru(NH3)63+ reduction wave to ensure that the system was
governed by diffusion. Voltammograms were recorded at different tip positions either outside the
cell or inside it and sweeping the tip potential at 100mV/s.
Quadruple potential-step chronoamperometry16 was employed to characterize the different
ROS/RNS and monitor their concentrations inside phagolysosomes. A sequence of potential steps
(+300, +450, +620 and +850 mV vs the Ag/AgCl reference) with step durations of 5 s each was
applied to the nanoelectrode positioned inside a phagosome (Figure 6.5). The pre/postcalibration
was performed by positioning the electrode far away from the cell and cycling its potential for 10
min before and after each experiment. The drifting baseline was then subtracted from the recorded
response to yield the final chronoamperograms.
Electrochemical instruments and procedures
A two-electrode setup was mounted in a 60-mm culture dish (see below), with a platinized carbon
nanoelectrode serving as a working electrode and a 0.25-mm AgCl coated Ag wire used
simultaneously as a reference and counter electrode; all potentials are reported vs. Ag/AgCl
reference. The electrostatic discharge (ESD) protection26 was used during all steps of the electrode
preparation to prevent nanometer-scale damage to the tip.
Fabrication and characterization of platinized carbon nanoelectrodes
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Nanopipettes were pulled from quartz capillaries (1.0/0.5mm, Sutter Instrument, Novato, CA) and
filled with carbon by chemical vapor deposition (CVD) to yield carbon nanoelectrodes with a small
cavity at the end of the orifice. Specifically, nanopipettes with tip radius of 30-100nm were pulled
using programs as follows, HEAT=680, FIL=3, VEL= 22, DEL=135, PULL=95. A carbon
nanoelectrode with a nano-cavity was fabricated by 35 mins CVD with methane and argon at 1:1
flow rate ratio at 945 ºC. All the parameters were slightly adjusted to obtain the required size and
geometry as described previously.24 Platinization procedures were similar as described
previously,24 although that the stock H2PtCl6 aqueous solution was diluted 15 times for
platinization of smaller sized carbon nanoelectrodes (<100nm).
Briefly, a nanocavity electrode was prepared by chemical vapor deposition of carbon into a prepulled quartz capillary (Fig. 6.1A). Platinum black was electrodeposited into the nanocavity from
a 1.85 mM H2PtCl6 PBS solution at pH 7.4 at a potential of -100 ± 20 mV vs. the Ag/AgCl
reference applied to the carbon electrode.
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Figure 6.1. Characterization of a platinized carbon nanoelectrode. (A) TEM image of the carbon
nanocavity electrode after Pt-black deposition and (B) voltammograms of 1 mM FcMeOH in 0.1
M KCl at the same electrode before (black curve) and after platinization (red).
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Before platinization, cyclic voltammograms of 1 mM ferrocenemethanol (FcMeOH) in 100 mM
KCl (Fig. 6.1B, black curve) displayed a pair of peaks corresponding to the complete oxidation of
FcMeOH and reduction of ferrocenium inside the nanocavity.24 After platinization, the nanocavity
was completely filled (Fig. 6.1A), and sigmoidal steady-state voltammograms of FcMeOH
oxidation were recorded at the Pt black nanodisk electrode (Fig. 6.1B, red curve). The radius value
(𝑎 ≈ 50 nm) calculated from the limiting current using Eq. (6.1) is in agreement with that
extracted from the TEM image (Fig 6.1A).
6.3 Results and Discussion
Penetration of a phagolysosome with a nanoelectrode
The fabrication of platinized carbon nanoelectrodes with a near-cylindrical insulating sheath and
RG  1.5 (i.e., the ratio of the glass radius to that of the conductive tip) was described previously
(see Fig. 6.1 for details).24,27 An inert shaft with a large aspect ratio allows investigated cells and
phagolysosomes to maintain their homeostasis by resealing their membrane around the
nanoelectrode following penetration. The radius (a) of the exposed Pt-black nanodisk was
evaluated from the diffusion limiting current (𝒊𝑻,∞ ) of ferrocenemethanol using Eq. (6.1):
𝒊𝑻,∞ = 𝟒𝒙𝒏𝑭𝑫𝒂𝒄∗

(6.1)

where x is a function of RG (x = 1.16 for RG=1.5 28), 𝒏 = 1 is the number of transferred electrons,
𝑭 is the Faraday constant, 𝑫 and c* are the diffusion coefficient and bulk concentration of redox
species, respectively.
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Figure 6.2. Phagolysosome penetration with a 65-nm-radius platinized nanotip. Optical
micrographs: (A) the tip (labeled by the blue circle) is set in a close proximity of the selected
macrophage (red circle); (B) the nanotip is positioned in contact with the cell membrane above the
targeted phagolysosome (red circle); (C) the nanotip is inside the phagolysosome. (D) SECM
approach curve obtained with the same tip during the penetration sequence in PBS containing 10
mM Ru(NH3)6Cl3 (ET = -400 mV vs Ag/AgCl). The approach velocity was 0.5 µm/s. The
experimental data (red curve) is fitted to the theory for negative SECM feedback (black curve).
Positive d values correspond to the tip approaching the macrophage membrane; negative values –
the tip pushes the membrane and then penetrates into the cell cytoplasm (green vertical line) and
then into the phagolysosome (blue vertical line). (E) Voltammograms recorded at the same tip
immediately before penetrating the macrophage (black curve) and inside the phagolysosome (red
curve). v = 100 mV/s.

Fig. 6.2 shows different stages of phagolysosome penetration by a platinized carbon nanoelectrode
(a = 65 nm). The nanotip is located close to a selected macrophage (Fig. 6.2A) before being
brought close the cell membrane above the targeted phagolysosome (Fig. 6.2B) and then moved
down to penetrate the cell and finally enter the phagosome (Fig. 6.2C). The nanotip point is too
small to be seen with an optical microscope, and so its progression towards the phagolysosome
was monitored by recording the reduction current of 10 mM Ru(NH 3)63+ as a function of the
tip/membrane separation distance (iT vs. d curve; Fig. 6.2D). Because hydrophilic Ru(NH3)63+
cations could not cross the lipid membrane,29 diffusion was hindered as the tip approached the cell
surface, and iT decreased with decreasing d. The experimental approach curve (red curve in Fig.
6.2D) fits well the theory for SECM negative feedback (black curve) at d/a ≥ ~0.5, allowing the
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zero-point distance (d = 0; i.e. the position of the unperturbed cell membrane) to be determined. 24
The macrophage membrane was expected to bend easily because of its aptitude to form
phagosomes during endocytosis.1 At smaller d/a values the tip pushed the cell membrane causing
deviations of the experimental approach curve from the theory before its penetration into the
cytoplasm (d/a ≈ −12; dashed green line in Fig. 6.2D). The current then dropped and reached a
near-constant value corresponding to the intracellular reduction of oxygen, as observed previously
with human breast cells.24,29 Another stepwise decrease in iT to a near-zero value occurred when
the tip moved ~0.7 µm further into the cell (bluedashed line in Fig. 6.2D). This feature, which has
not been observed in refs. 24 and 29, corresponds to tip insertion into the phagolysosome (Fig.
6.2C) in which the oxygen reduction current is much lower than in the cytoplasm.
ROS/RNS characterization and quantification inside a phagolysosome
H2O2, ONOO-, NO• and NO2– are oxidized at different potentials.8-12,16,17,24 This allowed us to
distinguish and quantify the instant production of each primary ROS/RNS inside a single
phagolysosome by quadruple potential-pulse chronoamperometry.17 The previously developed
potential program involves a periodical sequence of four 5 s steps to selected potentials – 300, 450,
620 and 850 mV vs. Ag/AgCl repeated every 20 seconds (see Fig. 6.6).24 The current was recorded
at the end of every 5 s step in each 20s sequence (Fig. 6.3A) and deconvoluted using Eqs. (6.66.9; see SI) to evaluate the time-variations in contributions of each individual ROS/RNS species
to the total current (Fig. 6.3B).
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Figure 6.3. Measurement of ROS/RNS inside a phagolysosome of the activated RAW 264.7
macrophage. (A) Time variations of the chronoamperometric currents measured at potential
values: 300 (orange), 450 (grey), 620 (yellow) and 850 mV (blue) vs Ag/AgCl at100 nm platinized
tip inside a phagolysosome. t = 0 corresponds to the tip insertion into the phagolysosome. (B)
Corresponding time variations of H2O2, ONOO-, NO• and NO2– production rates deduced from
the currents in (A) and reported relative to their values at t = 0. (C) Voltammogram recorded inside
the same phagolysosome after the chronoamperometric sequence shown in (A); v = 100 mV/s.
(D) Time variations of the production rates of the two parent ROS/RNS: O2•- (black) and NO (red),
as deduced from the data in (B) according to the stoichiometries given in the text.

Eq (6.1) cannot be used to evaluate the ROS/RNS concentrations inside the phagolysosome
because its radius is comparable to that of the nanoelectrode. The 5s duration of each potential
step is long enough to electrolyze all ROS/RNS stored in the phagolysosome that can be oxidized
at the given potential.30 Without ongoing production of ROS/RNS inside the phagolysosome, only
a transient spike would have been observed after the application of each potential step followed
by the baseline current. Conversely, a significant oxidation current was observed during each step
(Fig. 6.3A).

By analogy to generator-collector electrochemical assemblies,31 the measured

oxidation currents represent the total collection by the nanoelectrode tip of ROS and RNS
continuously generated inside the phagolysosome. The time-dependent production rates of each
primary ROS or RNS (fj) shown in Fig. 6.3B were deduced from the time variations of the
individual currents (ij; see SI for details) using the Faraday law: fj = ij/njF, where nj the number of
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transferred electrons (viz., 𝒏𝐇𝟐 𝐎𝟐 = 𝒏𝐍𝐎𝟐 − = 2, 𝒏𝐎𝐍𝐎𝐎− = 𝒏𝐍𝐎 = 1).12,32 Fig. 6.3A shows that the
main species produced was NO•, in accord with the single voltammetric peak in Fig. 6.3C recorded
in the same phagolysosome after the chronoamperometric experiments (Ep ≈ 0.65 V vs.
Ag/AgCl 8-12,32).
Dynamics and variability of ROS/RNS production in phagolysosomes
H2O2, ONOO- and NO2– are formed through follow-up reactions initiated by O2•- and NO
according to the following stoichiometries: 2 O2•- + 0 NO per H2O2; 1 O2•- + 1 NO per ONOO- or
NO2-.9,32 This allows evaluating the time-dependent production rates of both parent species. Three
tested phagolysosomes (Figs. 6.3 and 6.4) exhibited different abilities to generate ROS/RNS,
including different relative production rates of the four primary species (cf. Figs. 6.3B, 6.4C and
6.4D). Nonetheless, in all cases, the main ROS/RNS species produced was either NO • (Figs. 6.3B
and 6.4D) or ONOO- (Fig. 6.4C), which is the product of the rapid (diffusion limited) reaction of
NO• with O2•-.18,32 This establishes that O2•- generated inside a phagolysosome is mostly consumed
by its reaction with NO• to form ONOO- but not H2O2 as generally postulated.34-38 The lower (Figs.
6.3D and 6.4F) or similar (Fig. 6.4E) dynamic concentration of O2•- vs. NO favors the formation
of ONOO- vs. H2O2 via diffusion limited coupling of NO with O2•-.18,32
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Figure 6.4. Measurement of ROS/RNS in two phagolysosomes inside two activated murine
macrophages. Time variations of chronoamperometric currents measured at different potentials
(A,B) and corresponding time variations of the production rates of four primary ROS/RNS (C,D)
and two parent ROS/RNS (E,F). Panels A, C and E correspond to one phagolysosome; B, D and
F to the second one. The color coding of the different datasets is the same as in Fig. 6.3.

In all cases investigated, the initial production rates of NO • and O2•- were slow with the NO•
production rate either comparable (Figs. 6.3D and 6.4E) or only slightly higher (Fig. 6.4F) than
that of O2•-. On a longer time scale, the responses were highly variable, 33,39 and in some cases a
sudden increase in the global ROS/RNS production rate occurred (Figs.6.3A, B and 6.4B, D) in
conjunction with a drastically increased production rate of NO • vs. that of O2•- (Figs. 6.3D and
6.4F).
The high variability of the phagolysosome contents and sudden drastic changes in ROS/RNS
production rates may be caused either by the merging of additional lysosome(s) bringing additional
NADPH oxidases and NO-synthases to the investigated phagolysosome or by sudden activation
of NADPH oxidase and NO-synthase pools already present in the phagolysosome membrane. The
first hypothesis looks unlikely since a sudden and drastic increase in the ROS/RNS production
rates observed in Figs. 6.3B or 6.4D would require several lysosomes merging with the same
phagosome at almost the same time. Conversely, phagolysosomes may be equipped with a
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feedback mechanism to avoid building up too high internal ROS/RNS concentrations that would
damage their membranes, while maintaining the ROS/RNS levels high enough for their digestive
functions.40
Suporting Information
Quantification of four simultaneously present ROS/RNS.
The potentials suitable for independent quantification of H 2O2, ONOO-, NO• and NO –2 were
determined from in vitro steady-state voltammograms recorded at the platinized nanoprobes in
standard solutions of each of these species.24 Except for ONOO- (detected at pH ~10 for chemical
stability reason32), all other standard solutions were prepared at physiological pH 7.4. It was
checked that the electrochemical oxidation of ONOO- is pH-independent in slightly alkaline
conditions.32 In our previous research24, the four optimal potentials (+300, 450, 620, 850 mV vs.
Ag/AgCl) represented a compromise between being close to the potential range corresponding to
the diffusion limiting current for each species and minimizing the potential-dependent
contributions of other species to the measured current. Because the currents produced by all species
oxidizable at a given potential are additive, the following equations were obtained:
𝑖850 𝑚𝑉 = 𝑖𝐻2 𝑂2 + 𝑖𝑂𝑁𝑂𝑂 − + 𝑖𝑁𝑂 ∙ + 𝑖𝑁𝑂2−

(6.2)

𝑖620 𝑚𝑉 = 𝑖𝐻2 𝑂2 + 𝑖𝑂𝑁𝑂𝑂 − + 𝑖𝑁𝑂 ∙

(6.3)

𝑖450 𝑚𝑉 = 𝑖𝐻2 𝑂2 + 0.9 𝑖𝑂𝑁𝑂𝑂 −

(6.4)

𝑖300 𝑚𝑉 = 0.69 𝑖𝐻2 𝑂2

(6.5)

where ipotential is the total current measured at the indicated potential (vs Ag/AgCl), and ispecies
corresponds to the individual limiting current contribution for each species. This allows extracting
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the individual limiting current responses measured for each species by solving the above system
of linear equations:
𝑖𝑁𝑂2− = 𝑖850 𝑚𝑉 − 𝑖620 𝑚𝑉

(6.6)

𝑖𝑁𝑂 ∙ = 𝑖620 𝑚𝑉 − 1.11 𝑖450 𝑚𝑉 + 0.16 𝑖300 𝑚𝑉

(6.7)

𝑖𝑂𝑁𝑂𝑂 − = 1.11 𝑖450 𝑚𝑉 − 1.61 𝑖300 𝑚𝑉

(6.8)

𝑖𝐻2 𝑂2 = 1.45 𝑖300 𝑚𝑉

(6.9)

Repetitive sequence of potential steps applied to a platinized carbon nanoelectrode
Figure 6.5 represents four periods of the sequence of potential steps (5 s duration for each step, 20
s period) used to monitor the chronoamperometric currents used in Eqs. 6.2-6.9. Currents were
determined at the end of each step in order to provide capacitive-free current data.

Figure 6.5. Repetitive sequence of potential steps applied to a platinized carbon nanoelectrode
inside single phagolysosome.

6.4 Conclusion
In conclusion, platinized carbon nanoelectrodes were used as SECM tips to measure for the first
time the individual production rates of primary ROS/RNS inside single phagolysosomes of living
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macrophages. In all investigated phagolysosomes the main produced ROS/RNS was either
peroxynitrite or NO rather than H2O2. Although the mechanism of phagocytosis in macrophages
is exceedingly complex, one can speculate that the rapid oxidation of the reactive oxygen and
nitrogen species at the nanoelectrode tip stimulates their continuous production to maintain
sufficiently high ROS/RNS levels inside the phagolysosome.
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Chapter 7. Electrochemistry and Electrocatalysis at Single Gold Nanoparticles Attached to
Carbon Nanoelectrodes
(This chapter has been published as “Y. Yu, Y. Gao, K. Hu, P. Blanchard, J. Noël, T. Nareshkumar, K. L. Phani,
G. Friedman, Y. Gogotsi and M. V. Mirkin. Electrochemistry and Electrocatalysis at Single Gold Nanoparticles
Attached to Carbon Nanoelectrodes, ChemElectroChem. 2015, 2, 58-63.” Reproduced by permission of Wiley)

7.1 Introduction
Metal nanoparticles have attracted a great deal of research interest because of their unique physical
and chemical properties. They are extensively utilized as catalysts due to the high surface area to
mass ratio. Understanding the relationship between the size and structure of a nanoparticle (NP)
and its catalytic activity is essential for fundamental advances in electrocatalysis and technological
applications.1-7 In most published studies, the use of a large ensemble of particles obscured the
effects of variations in NP size, shape, orientation, and local environment on catalytic activity.
Different electrochemical strategies were proposed to perform experiments at single NPs

3c

most

of which focused on monitoring current transients produced by collisions of a metal particle with
a micrometre-sized electrode.8,9 The Bard group was first to detect the landing of catalytic NPs on
the microelectrode surface.8a The Compton group used the particle collision method to determine
the size distribution and concentration of NPs by measuring the charge transferred in the current
transient.10 Such experiments provided information about transport processes and collision
dynamics rather than electron transfer or catalytic reactions.
To access chemical information at a single metal nanoparticle, one can attach it to the surface of a
nanometre-sized electrode, which has to be sufficiently small to eliminate the possibility of multiNP binding.11 In this way, the Zhang group probed oxygen reduction reaction and underpotential
deposition of Cu at an AuNP attached to the Pt nanoelectrode.12 This work also showed the
importance of using catalytically inert substrate material in single NP experiments: although wellshaped steady-state voltammograms and chronoamperometric transients were obtained, it was
127

difficult to differentiate between the currents flowing at the AuNP and the underlying Pt surface.
We have previously studied AuNPs attached to glass13a and carbon nanopipettes,13b but no isolated
single particles at the probe tip have been reported.

Here, we employ very small carbon

nanoelectrodes to measure catalytic currents at a single 10 nm gold particle. To ensure that the
electrochemical signal is produced by one NP, the carbon tip radius (a) must be smaller than or
comparable to the particle diameter. Such electrodes were prepared by chemical vapour deposition
(CVD) of carbon inside a pre-pulled quartz nanopipette.
Three approaches to the immobilization of AuNPs on the carbon nanoelectrode surface employed
in this work are outlined in Figure 7.1. The AuNPs may either directly adsorb to the carbon surface
(1) or be attached via polyphenylene multilayer film (2 and 3). This film was formed in-situ by
the electrochemical reduction of the corresponding aryl diazonium compound, as reported
previously for macroscopic carbon and metal electrodes. 14 The negatively charged citratestabilized AuNP can be electrostatically attached to the positive polyphenylene layer (2). Even
stronger AuNP binding was attained by converting the terminal amine groups to diazonium and

Figure 7.1. Schematic representation of the three ways of AuNP
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subsequent electrochemical reduction, resulting in the C- Au covalent bonding (3).

(This

methodology was developed by Liu et al. for modifying macroscopic carbon electrodes15).
7.2 Experimental
Chemicals and materials
Ferrocenemethanol (99%, Alfa Aesar) was sublimed before use.

Cetyltrimethylammonium

bromide (CTAB) (Alfa Aesar), 1,2-dichloroethane (DCE) (99.8%, Sigma-Aldrich), pphenylenediamine (≥99%, Sigma-Aldrich), NaNO2(99.99%, Alfa Aesar), KCl(99+%, SigmaAldrich), HCl (37%, Sigma-Aldrich), HClO4 (AR grade, BDH) and H2SO4 (AR grade) were used
as supplied by the manufacturers. Deionized water from a Milli-Q purification system (resistivity
>18 MΩ cm) was used to prepare all aqueous electrolyte solutions. The nanometre sized gold
colloids (Ted Pella Inc.) were in size of 10-nm-diameter (5.7 × 1012 particles/mL) and 20-nmdiameter (7 ×1011 particles/mL), dispersed in water, and stabilized with a net negative surface
charge by trace amounts of citrate. The same Au NPs were recently characterized by TEM, and
the obtained size distribution showed an average diameter of 9.5 ± 0.3 nm in a good agreement
with the 10 nm nominal particle size given by the manufacturer. 28
Instrumentation and procedures
Voltammetric experiments were carried out using a BAS-100B electrochemical workstation
(Bioanalytical Systems, West Lafayette, IN). Voltammetry at nanoelectrodes was performed in a
two-electrode cell at room temperature (22−25 °C) inside a Faraday cage. All potentials were
measured against the Ag/AgCl (3 M KCl) reference electrode (Bioanalytical Systems) and quoted
against NHE. An all-glass three-electrode cell was employed in the Au cluster synthesis with a
commercial Au working electrode (CH Instruments; geometrical area of 0.03 cm2) and Pt foil used
as the auxiliary electrode. Prior to use in voltammetric experiments, the working electrode was
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polished with an aqueous 0.3 μm alumina suspension on a polishing cloth (Buehler), rinsed with
water and sonicated to remove excess alumina, before a final rinse with water.
A JEOL JEM-2100 transmission electron microscope was used to characterize carbon
nanoelectrodes with and without attached AuNPs. The ~3 mm portion of the electrode adjacent
to its tip was attached to the grid (PELCO Hole Grids, Copper) in such a way that its tip was
exposed to the beam in the grid center hole, and the rest of the electrode was cut off. A relatively
low intensity electron beam voltage of 120 kV was used to reduce the charge/heat accumulating
effects on the quartz surface.
LDI-TOF mass spectra were acquired using an Autoflex II TOF/TOF (Bruker Daltonics, Germany)
spectrometer equipped with a standard UV nitrogen laser (337 nm). An approximately 1 μL of the
sample was spotted onto clean MALDI plate and allowed to dry in air for about 15 minutes. The
same procedure was followed for all the samples. Each sample was spotted in duplicate on a
MALDI plate. The plate was loaded in the MALDI – TOF setup. Ionization was achieved by
irradiating the sample spots using UV nitrogen laser at 337 nm wavelength and an operating
frequency of 25 Hz. The spectra were acquired in positive ionization and reflection mode with an
acceleration voltage of 20.0 kV. In general, 1393 laser shots were averaged for each spectrum.
UV-Vis spectra were obtained with a LAMBDA 25 UV-Vis Spectrometer (PerkinElmer).
Fabrication of carbon nanoelectrodes
The nanopipettes with the tip diameter from 10 to 100 nm were pulled by a laser pipette puller (P2000; Sutter Instruments) from quartz capillaries (1.0 mm o.d., 0.3 mm i.d. or 1.0 mm o.d., 0.7
mm i.d.; Sutter Instruments). Carbon was deposited inside the pulled quartz pipette by CVD, using
methane as the carbon source and argon (Ar) as the protector, as described previously. 29 The Ar
flow of 200 standard cubic centimetres per minute (sccm) was passed through the CVD reaction
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chamber during heating. Once the furnace temperature reached 875°C, a mixed flow of methane
and Ar was passed through the reaction chamber. The thickness and distribution of carbon layer
depend on the pipette shape, the tip diameter, the CVD time and the composition of the gas mixture.
For quartz nanopipettes used in this work, the CVD time of 3 h and the 1:1 methane to Ar ratio
normally produced nanoelectrodes with the pipette orifice completely filled with carbon. Several
other factors, including the furnace temperature and total gas flow rate, can also affect the
synthesized carbon layer morphology. To expose the carbon surface, the electrodes were polished
under video microscopic control, as described previously. 16 Briefly, a micromanipulator was used
to move the nanoelectrode toward the slowly rotating disk covered with 50 nm lapping tape. The
video microscope was used to roughly evaluate the distance between the tip and the lapping tape
and ensure that the tip never touches the polishing disk to avoid a significant increase in its radius.
Immobilization of AuNPs and Au clusters on carbon nanoelectrodes
AuNPs were either directly attached (adsorbed) on the carbon surface, or electrostatically attached
to the polyphenylene film, or covalently linked via the reduction of an aryl diazonium salt. In the
first case, a carbon nanoelectrode was immersed in AuNP solution for 1.5-2 hours, and a single
gold nanoparticle spontaneously attached to its tip, as confirmed by voltammetry and TEM (Figs.
7.2B

and

7.3A).

A

polyphenylene

multilayer

(C-Ph-NH2) resulted from the reduction of the corresponding aryl diazonium compound on the
carbon nanoelectrode by applying to it one triangular potential sweep between 0.1 V and -0.8 V
vs. Ag/AgCl. Aryl diazonium was formed in situ by mixing 200 μL of 50 mM NaNO 2 with 1 mL
of aqueous solution containing 10 mM p-phenylenediamine and 0.5 M HCl.14 The modified
nanoelectrode was kept in 0.1 M HCl for 10 s to protonate -NH2 to -NH3+. The negatively charged
citrate-stabilized AuNPs were electrostatically attached to the protonated film by immersing the
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electrode in AuNP solution for 2 hours. For the covalent attachment, the C-Ph-NH2 surface was
first immersed in 5 mM NaNO2 and 0.5 M HCl for 15 min followed by two potential cycles
between 0.1 V and -0.8 V vs Ag/AgCl in AuNP solution at the scan rate of 100 mV/s.15 To attach
Aux clusters to a carbon nanoelectrode, the clusters electrodeposited on a gold foil were dispersed
in a dilute aqueous CTAB solution. The carbon electrode was kept in this dispersion for ~30
minutes.
7.3 Results and discussion
A TEM image of the tip of the pulled quartz nanopipette completely filled with carbon is shown
in Fig. 7.2A. Although CVD was conducted at 900°C, which is significantly lower than the strain
temperature of quartz capillaries (>1000 °C), the tip of a very small (e.g., <20 nm) pipette typically
melted, and so the deposited carbon was completely encased in quartz (Fig. 7.1A). When used as
a working electrode, such insulated pipettes produced no electrochemical signal until the carbon
surface was exposed by polishing. A TEM micrograph of a 20 nm AuNP directly attached to the
carbon nanoelectrode is shown in Fig. 7.2B.
Curve 1 in Fig. 7.3A shows a voltammogram of ferrocenemethanol (FcMeOH) obtained at a
polished carbon nanoelectrode. From the diffusion limiting steady-state current, the effective
radius a = 3 nm can be evaluated using Eq. (7.1) for the inlaid disk
id = 4nFDc*a

(7.1)

where n = 1 is the number of transferred electrons, F is the Faraday constant, c* = 1 mM and D =
7.6 x 10-6 cm2/s16 are the bulk concentration and the diffusion coefficient of FcMeOH, respectively.
After this electrode spent two hours in ~9 nM solution of 10 nm AuNPs, the diffusion limiting
current increased to ~3.2 pA value that is expected for a 10 nm diameter spherical electrode (curve
2). Although the mechanism of the NP attachment to bare carbon surface is not completely clear,
132

the electrode response was stable and reproducible on the time scale of hours. Similar behavior
was observed previously at macroscopic glassy carbon electrodes.17

Figure 7.2. TEM images of (A) a pulled quartz nanopipette filled with carbon by CVD and (B) a
carbon nanoelectrode with a 20 nm AuNP attached to its tip.
In Fig. 7.3B, the AuNP was attached to the carbon electrode by modifying its surface with a
multilayer polyphenylene film. The recorded successive voltammograms of the aryl diazonium
reduction at carbon nanoelectrodes (Fig. 7.4A) exhibit gradual surface passivation similar to that
observed at macroscopic electrodes. 14a However, the reduction peak is shifted to much more
negative values, i.e., by ~600 mV as compared to the reduction of the same aryldiazonium species
at a macroscopic Au electrode.14d Such a large overvoltage can be expected for a kinetically
controlled process because of the very fast mass-transfer rate at the nanometre-sized electrode.
Although the first reduction peak is not as well defined as it would be at a larger electrode, the
decrease in the current with the scan number points to the formation of the insulating
polyphenylene layer. At the same time, relatively small current decrease from the first to the third
scan suggests that the polyphenylene layer stops growing early. Moreover, the double layer
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charging current does not change significantly between the first and the third scan strongly
suggesting that the organic film formed on the surface is thin and permeable to ions. The
passivation of the nanoelectrode is also evident in voltammograms of FcMeOH before and after
the reduction of aryl diazonium (Fig. 7.4B). The current is partially blocked by the polyphenylene
layer formed on the carbon nanoelectrode surface (black curve). 14a

Figure 7.3. Steady-state voltammograms of 1 mM FcMeOH in 0.2 M KCl obtained at carbon
nanoelectrodes before (1) and (2) after attaching a 10 nm AuNP. The AuNP was attached to (A)
bare carbon surface and (B) carbon electrode modified with a polyphenylene film v=50mV/s.

Carbon nanoelectrodes employed in this study were too small for either AFM [18a] or SECM[18b]
characterization. The 1 nm to 5 nm radius values were deduced from diffusion limiting currents
(1 pA; curves 1 in Figs. 7.3A and 7.3B). These very small currents could either correspond to
the effective radii of the carbon surface area exposed to solution or to a much larger electrode
recessed into the quartz insulator.19 In the latter case, a small limiting current would correspond to
the size of the aperture of the nanocavity containing the recessed electrode. 19 The recessed
geometry is not, however, consistent with the diffusion limiting current of ~3.2 pA (curve 2 in Fig.
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7.3A) obtained after NP deposition. This value is very close to the steady-state diffusion current
of 1 mM FcMeOH expected at spherical electrode with the radius, r = 5 nm attached to the
insulating plane.20
id = 4nFDc*rln2 = 3.18 pA,

(7.2)

thus suggesting the attachment of a single AuNP to the carbon nanoelectrode; but such attachment
would not be possible if the carbon surface was recessed inside a nanocavity with an opening
radius of <5 nm. The direct attachment of an AuNP to the carbon surface is also evident from the
HER catalytic current (Fig. 7.5A).

Figure 7.4. Formation of the polyphenylene layer at carbon nanoelectrodes. (A) Successive cyclic
voltammograms of the aryl diazonium reduction at a carbon electrode recorded in aqueous solution
containing 10 mM NaNO2, 10 mM p-phenylenediamine and 0.5 M HC HCl. v = 100 mV/s. (B)
Cyclic voltammograms of 1 mM aqueous FcMeOH before (red) and after (black) the reduction of
aryl diazonium at the 6-nm-radius carbon nanoelectrode. v=50mV/s.
The effective radius of the carbon electrode in Fig. 7.3B extracted from curve 1 was ~1 nm. The
diffusion limiting current of FcMeOH in curve 2 recorded after the reduction of aryl diazonium
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salt at this electrode and subsequent attachment of an AuNP (~1.8 pA) was somewhat smaller than
that in Fig. 7.3A. This difference is caused by the smaller AuNP surface exposed to the solution
because of the nanoparticle was partially buried into the nm-thick polyphenylene multilayer.14b
The increased current of FcMeOH oxidation provides evidence for efficient ET between the AuNP
and carbon nanoelectrode. Previous studies at macroscopic electrodes showed that a
polyphenylene multilayer film with the thickness as large as 20 nm does not strongly block electron
transfer between the immobilized NPs and the underlying electrode surface. 14b One reason is that
that the NPs are buried inside the layer. Also, efficient ET between the electrode and metal NPs
across relatively thick (several nm) insulting films has been observed experimentally21a,b and
elucidated theoretically.21c
The catalytic effect of nanoparticles can be seen by comparing voltammograms of hydrogen
evolution reaction (HER) from 0.1 M HClO4 obtained at a bare carbon nanoelectrode (curves 1 in
Figs. 7.5A and 7.5B) to those recorded after attaching an AuNP to its surface (curves 2 in Figs.
7.5A and 7.5B). A significant (>0.5 V) shift in the current onset potential corresponds to the much
higher activity of AuNP towards proton reduction. The HER onset at the AuNP sticking directly
to the carbon surface (Fig. 7.5A) occurs at significantly more positive potentials than at those
attached through the polyphenylene film (Fig. 7.5B). This difference is probably due to the
insulating properties of the film, which impedes the electron transfer between the carbon surface
and AuNP.
Fig. 7.5D shows the Tafel plot for HER obtained from the polarization curve of Fig. 7.5A. The
linear portion at higher overpotentials exhibits a 0.12 V/decade slope consistent with literature data
for HER at polycrystalline gold.22 However, a smaller Tafel slope (~0.03 V/decade) at lower
overpotential was not observed, probably due to the passivating effect of citrate stabilizer.
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Carbon nanoelectrodes can also be used to probe catalytic activity of low atomicity gold clusters,23
(Aux, 2 < x < 13; Au5 being principal species;24). Very small Au clusters can act as active
chemical catalysts23b and electrocatalysts,23c,24,25 thus representing an intriguing intermediate case
between molecular and heterogeneous catalysis. The effect of modifying the carbon nanoelectrode
surface with Au clusters on HER is shown in Fig. 7.5C. While addressing a single metal atomic
cluster was not feasible using our current experimental setup, catalytically inert carbon
nanoelectrodes with extremely low background currents and wide potential window can facilitate
studying electrocatalysis at such species. Based on the current onset in Fig. 7.5C, the activity of
atomic Au clusters towards HER is significantly higher than that of 10 nm AuNPs. The disordered
nature of the cetyltrimethyl ammonium bromide (CTAB) protecting layers on Au clusters is likely
to expose catalytically active edge or defect sites and enhance the catalytic activity of Au clusters.24

Figure 7.5. Voltammograms of HER from 0.1 M HClO4 at a carbon nanoelectrode (1), single
AuNP attached to it either directly (curve 2 in A) or via polyphenylene film (curve 2 in B), and
Aux clusters (curve 2 in C). a, nm = 3 (A), 1 (B), and 8 (C). v = 100 mV/s. (D) Tafel plot for
HER obtained from Curve 2 in A.
The inert carbon surface is a convenient substrate for investigating hydrogen adsorption at AuNPs.
Brust and Gordillo26 recently reported hydrogen adsorption peaks at 1-16 nm AuNPs immobilized
on a mercury surface. No such peaks have been observed at macroscopic gold electrodes. In Fig.
7.6, a pair of adsorption/desorption peaks can be seen at carbon nanoelectrodes with immobilized
10 nm AuNPs (curves 2), but not at the same electrodes before the attachment of particles (curves
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1). Because the current produced by hydrogen adsorption at a single 10 nm Au NP is too low to
measure with our experimental setup, the voltammograms in Fig. 7.6 were obtained with a number
of AuNPs attached to larger (a ≥100 nm) carbon nanoelectrodes. The linear dependence of the
peak current on potential sweep rate (Fig. 7.7) indicates that the electroactive species is adsorbed
on the electrode surface.

Figure 7.6. Voltammograms of hydrogen adsorption/desorption obtained at carbon nanoelectrodes
in 0.1 M HClO4 before (1) and after (2) the attachment of AuNPs. The AuNPs were attached to
the carbon surface (A) covalently and (B) electrostatically
The effect of AuNP immobilization on hydrogen adsorption was investigated using different
procedures to attach nanoparticles to carbon nanoelectrodes (Figure 7.1). Fig. 7.6A shows a cyclic
voltammogram of hydrogen adsorption/desorption at AuNPs covalently attached to the surface by
generating diazonium radicals at the polyphenylene layer, which resulted in the covalent bond
formation between the film and the NPs15 (attachment method 3 in Figure 7.1). The half-peak
width (Ep/2), which is expected to be 90.6/n mV for a n-electron Nernstian oxidation/reduction
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involving adsorbed species,27 is close to 45 mV in Fig. 7.6A and to 90 mV in Fig. 7.6B obtained
with AuNPs electrostatically attached to the polyphenylene film (attachment method 2 in Figure
7.1). This result, which has been reproduced using several carbon nanoelectrodes, suggests
different numbers of trasferred electrons for the hydrogen adsorption occurring at the covalently
(n = 2) and elecrostatically (n = 1) attached AuNPs. The former number was found in ref. 26 and
interpreted as the predominance of the reductive proton adsorption followed by reduction of the
second proton at the same site (Volmer−Heyrovsky mechanism). Our data also agrees with the
suggestion that neither the use of Hg as the substrate for AuNP attachment nor the thiol-protection
of the particles was essential for observing hydrogen adsorption/desorption peaks. 26 The slope of
the linear Ep vs. pH dependence is Fig. 7.7C is 57 mV/pH unit, which is very similar to the 58
mV/pH unit slope measured in Ref. 26 at the ensemble of AuNPs pre-adsorbed on mercury.
The Ep/2 of ~100 mV in Fig. 7.6B suggests a one-electron transfer process attributable to the
Volmer-Tafel mechanism. Although additional data is required to explain the difference in
catalytic responses of covalently and electrostatically attached nanoparticles, possible reasons
include changes in the protective layer of AuNPs and the extent of their aggregation. Specifically,
it was shown that the citrate protective layer desorbs from the Au NPs at negative potentials applied
to effect covalent immobilization of gold nanoparticles. 15 The removal of stabilizing ligands may
have increased the number of active sites, facilitating the one-electron reduction followed by
recombination of adsorbed atomic hydrogen. Another possible factor is that the effective NP
potential seen by the solution species may depend on the immobilization method.
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Figure 7.7. Scan rate and pH dependences of the hydrogen adsorption peak at AuNPs. (A)
Voltammograms in 0.1 M HClO4. v, mV/s = 50 (green), 100 (red) and 200 (blue). (B) ip vs. v
dependence from A. (C) Ep vs. pH dependence, obtained at v = 500 mV/s.

7.4 Conclusions
We used carbon nanoelectrodes with well-defined geometry to investigate catalytic responses of
single AuNPs and atomic gold clusters. Three different methods were used for attaching NPs to
the electrode surface and showed significant effects of the particle immobilization on HER
catalysis and hydrogen adsorption. The electrostatic attachment of an AuNP to the polyphenylene
film used as an anchoring layer resulted in a less efficient HER catalysis as compared to that at a
similar nanoparticle adsorbed directly on the carbon surface. Different effective numbers of
transferred electrons were found for hydrogen adsorption on covalently and electrostatically
attached AuNPs.
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Conclusion
In this thesis, we have proved that carbon nanoprobes with small physical size and large sufface
area are very promising analyzing tool in nanoelectrochemistry.
Open CNP can work as a tunable resistive-pulse sensor whose properties can be adjusted to detect
a specific analyte. The attainable diameter of a CNP tip is <20 nm, which can be employed for
local resistive-pulse measurements inside biological cells, such as drug delivery.
Both open CNP and cavity CNPEs can provide spatial resolution in the hundreds of nanometers
range, while still maintaining enough sensitivity to detect physiological levels of neurotransmitters.
these CNPEs are truly nanometer in dimensions and are useful for measurements in discrete
locations, including small model systems, synapses, and at living cells.
Platinized carbon nanoelectrodes with small physical size yet high electrocatalytic activity are
suitable for single cell analysis. Our experiments with normal breast cells and metastatic cancer
cells showed strong correlation between intracellular ROS/RNS production and metastatic activity.
The intrinsic variability of ROS/RNS in single phagolysosomes unravels the complexity of
phagocytosis. In addition to ROS/RNS detection, the high surface area of a platinized
nanoelectrode makes it a useful potentiometric probe.
After focused ion beam (FIB) milling, carbon disk electrodes with well-defined geometry were
obtained, useful for quantitative SECM studies of surface reactions and electrochemical imaging.
Disk-type nanoprobes served as a substrate for attaching single Au NPs and studying their
electrocatalytic properties. The developed methodology should be useful for studying the effects
of nanoparticle size, geometry and surface attachment on electrocatalytic activity.
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Based on these achievements, carbon nanoprobes prepared by CVD of carbon into pre-pulled
quartz nanopipette will become an even more powerful analyzing tool in nanoelectrochemistry
field.

144

